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MRI Director’s M essage

The Materials Research Institute (MRI) is the newest of the University/LLNL Institutes and
began operating in March 1997. The MRI is one of five Institutes reporting to the LLNL University
Relations Program (URP), all of which have astheir primary goal to facilitate university interactions
at LLNL. Thisreport covers the period from the opening of the MRI through the end of FY 98
(September 30, 1998). The purpose of thisreport is to emphasize both the science that has been
accomplished, aswell asthe LLNL and university people who were involved. The MRI is concen-
trating on projects, which highlight and utilize the Laboratory’s unique facilities and expertise. Our
goal isto enable the best university research to enhance Laboratory programsin the area of cutting-
edge materials science.

The MRI isfocusing on three primary areas of materials research: Biomaterials (organic/inor-
ganic interfaces, biomemetic processes, materials with improved biological response, DNA materials
science); Electro/Optical Materials (laser materials and nonlinear optical materials, semiconductor
devices, nanostructured materials); and M etal/Or ganics (equation of state of metals, synthesis of
unique materials, high explosives/polymers). In particular we are supporting projects that will enable
the MRI to begin to make a distinctive name for itself within the scientific community and will
develop techniques applicableto LLNL’s core mission. Thisreport is organized along the lines of
these three topic areas.

A fundamental goal of the MRI is to nucleate discussion and interaction between Lab and univer-
sity researchers, and among L ab researchers from different LLNL Directorates. This is accomplished
through our weekly seminar series, special seminar series such as Biomaterials and Applications of
High Pressure Science, conferences and workshops, our extensive visitors program and MRI
lunches. We are especially pleased to have housed five graduate students who are performing their
thesis research in residence at the MRI, and to have supported seventeen additional graduate students
who are performing their thesis work on campus in collaboration with a LLNL researcher. One of
the main objectives of the MRI isto useits portfolio to help devel op the next generation of materi-
asscientistsin LLNL's areas of competency. Asthe MRI continues to grow, we look forward to
continually expanding and strengthening the variety of collaborations, which form the basis of the
MRI’s research activities.

Harry B. Radousky,

Acting Director — Materials Research Institute
Deputy Director — University Relations Program
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Materials Research Institute

HIGHLIGHTS

The MRI is focusing on three primary areas of
materials research: Electro/Optical Materials, Biomaterials,
and Metals/Organics. In this section we highlight several
projectswithin each areathat have made significant advances.
All the projectsdescribed in thisreport are characterized by a
strong collaboration between university and Lab researchers.

Our goal is to collaborate with the best university
researchersto enhance Lab programsin cutting-edge ma-
terials science areas. In particular we support projects
that utilize the Laboratory’s unique facilities and exper-
tise in material sciences.

Metals/Organics

New Theoretical Framework for Computing
Positron Annihilation Characteristics

Positrons are a sensitive probe of open volume defects
in materials including vacancies and vacancy clusters, dis-
locations, and grain boundaries. Theoretical calculations of
positron observables are essential for interpreting positron
experimental data. We have collaborated with UC-Davisand
developed anew computer program using the general Finite
Element (FE) approach for cal culating positron lifetimesand
distributions in materials that is suitable for very large sys-
tems and for both open- and close-packed geometries. It is
now an established tool for calculating positron lifetimesin
the Positron Group at LLNL.

Thereliability of thisprogram wastested by calculating
the positron lifetime for 23 elemental metals and a number
of elemental vacancies in metals, and obtained excellent
agreement with both previous calculations and experimen-
tal data. A three-dimensional (3-D) representation of the
positron distribution in pure C60 is shown in Figure 1, the
result of a calculation on a 240-atom-unit cell structure.
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Figure 1. Positron distributionin crystalline C60. For clarity,
only the face-centered C60 molecules are shown.

Extreme States of Matter on Nova

Dynamic diffraction experiments to diagnose shocked
solid-state lattices on intense lasers have been developed.
We collaborated with UC-San Diego, Univ. of Oxford, and
Los Alamos Nat'| Laboratory to successfully develop dy-
namic diffraction experiments on (111) and (400) Silicon
lattices, both on the Nova laser and on the Trident laser.

The goal of this endeavor was to technically assess
whether dynamic diffraction could be developed into a
robust diagnostic of solid-state | attices under shock load-
ing. Successful observation of shock-compressed |attices
in the direction of shock propagation in Si has been ob-
served. Development of adiagnostic to observe the tran-
sition to 3-D is ongoing, with this work continuing on
the Omega and Trident lasers.
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Biomaterials

Micromechanical Modeling of Cortical Bone
Deformation

Cortical bone is an extremely variable biological
composite material system capable of adaptive structural
changes in response to the types and quantities of load-
ing experienced. The elastic stiffness and fatigue strength
of cortical bone have been shown to vary with anatomic
site, age, strain rate, and loading direction. The fatigue
of bone under normal physiological loading conditions
increases with age and could cause microdamage accu-
mulation. Understanding the deformation models of cor-
tical bonerequires precisetissue level propertiesand mi-
crostructural detail.

To study the three-dimensional nature of microstruc-
ture and the locations where damage is initiated, we uti-
lized four experimental techniques: x-ray tomographic
microscopy (XTM), atomic force microscopy, electron
microscopy, and mechanical deformation) to generate data
as model input parameters. In collaboration with UC-
San Francisco, we were able to identify the mineraliza-
tion state associated with the bone remodeling process,
architectural length scales, and variationsin mineraliza-
tion with age from the XTM data. The approach to be
explored further in the future is incorporation of the to-
mographic data into finite element models.

Figure 2. Stes of remodeling in the active mineralization
phase in the osteon (tomographic cross-section on the lft);
The three-dimensional surface of the void spaces (at a constant
mineral content) show the canal networks orientation and fine
details of the surfaces. Locations A, B, and C in the
tomographic cross-section are mapped onto the tissue surface.
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Center for Laser Imaging and Cancer
Diagnostics

The objective of this research effort is to develop a
subsurface imaging system that can offer enhanced im-
aging depth (up to 1 cm) based on the spectral polariza-
tion difference imaging technique (SPDI). Thistechnique
requires the use of different illuminating wavelengthsin
combination with polarization techniques to obtain im-
ages of subsurface tissue structures at different depth
zones based on their difference in absorption, scattering
and depolarization. This project is part of a DOE Center
for Excellencein Laser Medicine, which is based at City
College of New York, (CCNY), and is hosted at LLNL
within the MRI.

For the coming year, wewill apply the knowledge gained
in recent experimentsto an imaging system being built to be
used at the pathology room at the UC-Davis Cancer Center.
This system will be computer controlled and user friendly.
Theaimistoinvestigate the usefulness of thistechnology in

Figure 3. Subsurface images of a high scattering object located
1-cm under neath the surface of chicken breast tissue using the
spectral polarization difference imaging technique and 600 nm,
690 nm, 770 nmand 970 nmillumination. (a) [970-600] nm
SPDI image, (b) [970-770] nm SPDI image, (c) [770-690] nm
SPDI image and d) [690-600] nm SPDI image.

R EPORT 3



HI1 GHL

aclinically relevant environment.

Figure 4. The HRTEM image for silicon nanoclusters
terminated with methyl.

Electro/Optical Materials

The Study of Photoluminescence and Device
Applications of Si Quantum Dots

In conjunction with UC-Davis, we investigated Mg,Si
asareagent to prepare Si nanoclusters. We also showed that
these nanoclusters can be prepared without oxygen on the
surface. In accompanying figure, we show a micrograph
for the methyl-terminated silicon nanoclusters, which
contains alarge number of nanoclusters. Thisisproduced
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from a reaction starting with Mg,Si.  For some of the
larger nanoclusters (5 nm), the outline of a hexagonal
shape can be discerned. The sizes range from 1 nm to 4-
5 nm for atypical synthesis with only one lattice fringe
orientation visible. Lattice fringes are measured from
the negatives and are consistent with the {111} crystal
plane of Si. We have also developed a convenient and
versatile technique for the synthesis of avariety of alkyl-
terminated silicon nanocrystallites. These nanoclusters
photoluminesce strongly in the blue, providing the basis
for anew generation of opto-electronic devices.

Nanoscale Study of Strain and Strain Dynamics in
Nonlinear Optical Materials

Strain and fracture dynamicsis an exploding new area
of physics. In collaboration with UC-Riverside we are
studying surface stress and strain dynamics in optical
components (laser materials and nonlinear optical mate-
rials) with nanometer resolution using a variety of scan-
ning microscopes such as the Near-Field Scanning Optical
Microscope (NSOM), Atomic Force Microscope (AFM) and
Scanning Tunneling Microscope (STM). The stresses in
optical components are associated with defects incorpo-
rated during fabrication of the optical components, espe-
cially the cutting and polishing stages. These nanoscale
stresses and strains will exacerbate failure mechanisms
in the optical components. Also, given the high intensity
optical beams that are transmitted through the optical com-
ponents, even small phase differences and/or polarizationro-
tations that are introduced by the nanometer scale defects
could eventually result in aloss of coherence in the trans-
mitted optical beam. We have used a NSOM and AFM to
identify and characterize nanometer- sized surface and sub-
surface defectsin optical componentsat LLNL.

N ST 1 TUTE
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Device Miniaturization Through Self-Assembly:
An In Situ AFM Study of Molecular Scaffolds

UC Principal I nvestigator: Professor G. Taynas R. Palmore, UC-Davis
LLNL Collaborator: James De Yoreo
Students: Mary McBride, Tracie Martin, Tzy Jian (Mark) Luo, UC-Davis

Although the manipulation of individual moleculesinto
large aggregateswith well-defined shapesis masterfully dem-
onstrated in nature, the deliberate control of molecular ori-
entation in solids by researchersis still in itsinfancy.? Ef-
forts have begun, however, to exploit the strength, direction-
ality and selectivity of hydrogen bondsto control the orien-
tation of molecules in the solid state.*® Our approach to
engineering the structure of crystalline solids is to design
molecules to self-assemble into one- and two-dimensional
aggregatesthat serve as scaffoldswith which to control three-
dimensional structure. To thisend, we are using derivatives
of 2,5-diketopiperazines (DKPs) as our molecular building
blocks (Figure 18).” The selection of DKPsisbased on sev-
era criteriathat include: the presence of apair of secondary
amides held in cis conformation, which should promote the
formation of a robust, one-dimensional aggregate we refer
to as “tapes’ (Figure 1b); the near planarity and conforma-
tional rigidity of the six-membered ring, which should de-
crease the occurrence of polymorphism caused by confor-
mational mobility in the backbone of the tapes; the relative
ease of synthesis; and avenuesfor systematic variation of mo-
lecular properties such as size, shape, symmetry, hydrogen-
bonding ability and hydrophobicity through changesin X.

(a) 2,5-diketopiperazine </
(XDKP) "

(b) hydrogen-bonded
tape

(c) hydrogen-bonded
layer

Figure 1. a) Generic 2,5-diketopiperazine (XDKP) where X
represents a substituted carbon atom. b) Tape that results when
each XDKP forms a pair of hydrogen bonds (dashed lines) with
two adjacent XDKPs. c) The layer that results when adjacent
parallel tapes are cross-linked either directly through functional
groups on X or indirectly through co-crystallization with “ linker”
molecules. Linker molecules provide an avenue for introducing
optical, magnetic, and conductive propertiesinto the solid.
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Our interests in molecules that form tapes are based on
the following rationale: First, tapes are one-dimensional
aggregates. Engineering solid-state structure based on the
mani pulation of arobust aggregate hasthe advantage of lim-
iting the number of ways amolecule can pack in the crystal,
thus improving our ability to predict the structure of a crys-
tal. Second, tapes are good systems for examining how
molecular structure and symmetry influences crystalline
structure. For example, non-symmetrical or chiral deriva
tives should influence the relative orientation of these mol-
ecules within a tape and consequently, the relative orienta-
tion of tapeswith respect to each other. Third, parallel tapes
can function as scaffoldsfor controlling the position of guest
molecules within the solid (Figure 1c), which can be the
source of new propertiesin the bulk phase.8°1° Fourth, crys-
talline solids that contain tapes are ideal for in situ AFM
studies. The presence of tapesin crystalline solids of related
molecular structure suggests that the mechanisms of nucle-
ation and growth are similar (tapes often pack with their long
axes parallel and the periodicity of DKPs within a tape are
nearly invariant). Consequently, tapes are a unique struc-
tural motif that can be systematically modified in the direc-
tion perpendicular to thelong axes of thetape (i.e., by chang-
ing X in the DKPs). These changesto X will influence the
energetics of the surfaces orthogonal to the long axis of the
tape and their kinetics of crystal growth, which we can ob-
serve and quantify with in situ AFM.

Our program of research addresses some of the critical
issues surrounding crystallization. Theseissuesinclude: (1)
The effect of variations in molecular structure on growth
mechanisms and the kinetics of crystal growth, (2) theinflu-
ence of molecular structure on the morphology of crystals,
and (3) the relationship between crystallization conditions
and defect structure in crystals.

Accomplishments

During the past year, the collaboration between the
Palmore (UC-Davis) and De Yoreo (LLNL) laboratories
has resulted in the establishment of an AFM facility at
UC-Davisin which in situ atomic-force microscopy studies

N ST 1 TUTE
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can be conducted, the training of two UC-Davis gradu-
ate students in the use of this technique, and the comple-
tion of in situ AFM experiments on the glycine derivative of
2,5-diketopiperazine (GLY DKP) at alevel suitable for pub-
lication. The results obtained from these experiments have
been presented at numerous conferences and are described
in two manuscripts, one of which is published and the sec-
ond of whichisin preparation. Inaddition, the Palmoregroup
has published four other manuscripts on amide chemistry
and diketopiperazines that are related to the work accom-
plished through the UCD-LLNL collaboration.

We have investigated nucleation, step dynamics, evolu-
tion of surface morphology and generation of defectsduring
solvent-mediated crystallization of the glycine derivative of
2,5-diketopiperazine (GLYDKP). Thissolid isthe simplest
member in the series of molecular solids that we are study-
ing (Figure 2). Each solid in this seriesisdifferent in terms
of the structure of its molecular constituents, but in all of
these solids the tape motif is maintained in the crystalline
lattice. By using the AFM, we determined how step mor-
phology, step speed, nucleation rates, terrace widthsand step-
step interactionsin GLY DK P depend on solution and solute
composition. From these experiments, we determined the
values of the energetic and kinetic factors controlling the
growth of GLYDKP. The remaining four solids have been
synthesized and characterized crystallographically and pres-
ently are being imaged during their growth to determine the
effect that their structural variations have on the energetics
and kinetics of crystal growth. For example, we expect the
size of the terraces in GLY DKP to be quite different from
those of ASPDK P dueto the protic nature of X in ASPDKP.
Establishing a correlation between molecular structure and
the thermodynamics and kinetics of crystal growth is the
solid-state equivalent to the solution studies of Hammett,*
who devel oped the theory used to predict the reactivity of a
molecule in a given reaction based on its molecular struc-
ture. Our studies aim to establish this correlation and may
provide parameters with which to predict the structure and

’i’ ,H O Hé CH,COOH
) H CH, H CH,OH 3
NN ) A NG N 1 NN
P N N NS WL
PN [ NS [ &
H £ "< = N H
b—T}i o \:‘C/ H o \C/ \H H  CH,COOH
GLYDKP £\ £\

S,S-ASPDKP
C5DKP H CHOH '
S,S-ALADKP S,S-SERDKP

Figure 2. Crystalline solids of these molecules will be studied by
in situ AFM. Each molecule contains the DKP molecular
fragment responsible for tape formation. X is systematically
changed in terms of its size, shape, stereochemistry,
hydrophobicity, and ability to form hydrogen bonds.
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! Figure3. AFM image (50 um
§ x50 um) of acrystal of

i GLYDKP. Elliptically-shaped
) hillock illustrates the

S8 anisotropy in the kinetics of
{ crystal growth at the 001 and
-101 surfaces.

morphology of crystalline solids based on knowledge of
molecular structure.

We have established that crystals of GLY DKP grow in
anarrow range of concentrations (0.16-0.18 M at room tem-
perature) and consequently, must be monitored for the pres-
ence of microcrystals during the in situ AFM experiments.
Crystals of GLYDKP grow anisotropically resulting in el-
liptically shaped hillocks (Figure 3) with steps advancing
along the direction of the hydrogen bonded tapes { 001} at
rates that are ~6x’s faster than those perpendicular to the
direction of thetapes{-101}. Thisdifferencein kinetics of
crystal growth at the two different faces may result from ei-
ther agreater sticking coefficient for molecules attaching at
the end of the tapes (to form hydrogen-bonds) or the pres-
ence of a pathway for fast diffusion along the long axis of
the tapes. Two-dimensional nucleation is not observed on
the surface of a growing crystal of GLYDKP. Growth of a
crystal of GLY DKPappearstoinitiate exclusively from com-
plex screw dislocations generating two types of step edges,
straight (—101) and jagged (001).

The velocity at which the {—101} step-edge of
GLYDKP advances was measured at nine different con-
centrations (Figure 4a). From this data, the equilibrium
concentration of GLYDKP was extrapolated (0.1589 M
or 10%® molecules ml1), and from the slope of a plot of
step velocity versus supersaturation (Figure 4b), the value
of the kinetic coefficient, 3, was determined. This fun-
damental materials parameter reflects the height of the
barriers (i.e., AG¥) for the adsorption, diffusion and in-
corporation of molecules of GLYDKP into the crystal-
line lattice at the —101 face. Large valuesfor B indicate
that the barriers to these processes are low; small values
for B indicate that the barriersare high. Thevalueof B for
growth at the—101 face of GLY DKPis3x 102 cm? s, which
is considerably smaller than that found for ionic solids such
as KH,PO, or CaCQ, (i.e., B = 0.1-0.3 cm? s?) but larger
than that found for crystals of macromolecules (e.g., B for
canavalinis 1 x 10 cm? st). Dueto the nature of the crys-
tallinelattice of GLY DK P, molecules diffuse to the 001 face
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Figure 4. (a) Velocity of step advancement (-101) vs.
concentration. Thisdata is used to extrapolate the equilibrium
concentration (C°) of GLYDKP at v = 0; (b) elocity data plotted
as a function of supersaturation (C-C°) to determine the value of
B(is3x10%cn? s?).

along the long axes of the tapes (i.e., analogousto atrain
on atrack) as compared to the pathway for diffusion to
the -101 face, which runs perpendicular to the long axes
of the tapes. Moreover, the incorporation of molecules
at these facesresultsin interactionsthat are energetically
different (i.e., N-H-O hydrogen bonds at the 001 face
vs. C-H-O hydrogen bonds at the —101 face). Conse-
guently, the value of B for growth at these two faces
should reflect the different pathways for diffusion and
incorporation of solute. It should be noted that the mea-
sured value of 3 for GLYDKPisthefirst of itskind, and
that predictions on the value of  for other molecular
solids comprised of small organic molecules would be
premature at this time.

The energy of the —101 step edge of GLYDKP (a)
was determined and found to be 200 ergs cm?, which is
equivalent to 10 kcal mol-t. Thisvalueis consistent with
published values for a dimer of C-H-O hydrogen bonds
and van der Waal contacts between cyclic compounds,
which are the interactions that occur between molecules
on the —101 face of GLYDKP.

Growing crystals of GLY DKP exhibit “interlacing,” an
interesting kinetic phenomenon recently predicted by van
Enckevort and Bennema for molecular solids that exhibit
either screw-axis or glide-plane symmetry. In essence, the
presence of a screw-axis in the symmetry of a molecular
solid changes the orientation of molecules and their chemi-
cal functionality at the step edge from onelayer of growthto
the next (e.g., interacti ons between incoming solute and step
edges of [vs.0would be different). Thischangein orienta-
tion alternates back and forth from one layer of growth to
the next and results in adjacent layers growing at different
rates (Figure 5). If the layer on the bottom of two layers
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Figure 5. Interlacing in a growing crystal of GLYDKP. Layers
of growth are labelled sequentially 1-7. All step edgesin the
image advancing to the northeast are 11.64 A in height due to
pinning by slower underlayer. The height of the step edge
advancing to the southwest between layers 2 and 3 is
monomolecular (5.87 A) dueto faster underlayer.

grows faster than the layer on top, then step-splitting occurs
to give, for example in GLY DKP, step heights that corre-
spond to asingle molecule. If, on the other hand, the layer
on the bottom of two layers grows slower than the layer on
top, then the faster top layer is “pinned” by the slower bot-
tom layer to give step heights that correspond to two mol-
ecules. GLY DKPcrystallizesinthe P2 /aspace group, which
possesses a glide-plane parallel to the a-axis and a two-fold
screw-axis parallel to the b-axis. Interlacing is observed in
growing crystalsof GLY DKPat both the—101 and 001 faces.
We do not observe interlacing in C5DKP or expect to ob-
serveitin ASPDKP (cf. Figure 2), both of which crystallize
in the P-1 space group.

Dueto the underlying structural similarity in crystalline
solids of XDKPs (i.e., the presence of tapes), this group of
solids is an ideal model system with which to develop an
understanding of the mechanisms and physical parameters
controlling the process of crystallization. By comparing the
results obtained from AFM studies of crystalline solids of
XDKP, we can quantify theinterplay between solution chem-
istry, surface chemistry and the processes of nucleation and
crystal growth that forms the physical basis of crystalliza-
tion. Results from this work have the potential to impact
micro- and nanotechnological enterprises, in both the near
term and the long term.
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DOE Center for Laser Imaging and Cancer Diagnostics

LLNL Principal Investigators: Savros Demos, H. B. Radousky
University Collaborator: Professor R. R. Alfano, City College of New York

This Center isone of the DOE Centers of Excellencein
Laser Medicine, and is based at the City College of New
York (CCNY). The objective of the LLNL research effort
as part of the Center isto devel op asubsurfaceimaging sys-
tem that can offer enhanced imaging depth (up to 1 cm) based
on the spectra polarization difference imaging technique.
This technique requires the use of different illuminating
wavel engthsin combination with polarization techniquesto
obtain images of subsurface tissue structures at different
depth zones based on their difference in absorption, scatter-
ing and depolarization.

During this research period, two imaging systems
have been built and tested. The experimental |ayouts of
these systems are shown in Figure 1. The main differ-
ence between these two systemsis the source of theillu-
mination light, which in the first case is derived from
diodelaserswhilein the second caseisfrom awhite light
source. The illumination assembly that utilizes inexpen-

Diode Laser
IlluminationAssembly

633

670 0
820

970

White Light
Ilumination Assembly

[

Fiber
Bundle

I/\/\//X\/!]

Sample

Figure 1. Schematic diagram of the experimental setup of the
SPDI system. The illumination assembly involves diode lasers
(left) or a white light source (right). Theillumination is delivered
into the sample using fibers.
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sive 3-mW diode lasers operating at 633-nm, 670-nm,
820-nm and 970-nm is shown on the inset on the left-
hand side of Figure 1. The output laser beam is coupled
into the input of afiber to be delivered on the sample. A
polarizer (P) located at the output of the fiber ensures
linearly polarized illumination of the sample. The col-
lection of the backscattered light from the sample is
achieved using a 50-mm camera lens (CL). A polarizer
(P) in front of the camera lens is used to record only the
perpendicular polarization image component using aliquid-
nitrogen-cooled CCD detector. The aternative illumination
assembly, which utilizes a white light source, is shown on
the inset on the right-hand side of Figure 1. The white light
is coupled into afiber bundle and delivered into the sample.
Using appropriate optical filters (F) at the output of the fi-
ber, illumination of the sample with light at different wave-
lengthsisachieved. These filters may be narrow-band inter-
ferencefilters, relatively broad-spectral band filters, or long-
pass interference filters. A polarizer (P) positioned after the
optical filters ensures polarized illumination of the sample.
The image collection assembly is the same as the one de-
scribed before.

A demonstration of the ability of the technique and
our experimental system to image tissue components at
different depth is provided in Figure 2. An imaging sys-
tem utilizing white light and subsequent wavelength se-
lection was used. The sample was prepared using chicken
breast tissue as a model medium. In the middle of the
front surface of a5 x 4 x 1 cm?® (1-cm thick) chicken
breast tissue layer, there was positioned a 4-mm diam-
eter, 1-mm thick object, which exhibits high light scat-
tering, that was used as the “interesting” target to be im-
aged. Another 1-cm thick layer of chicken breast tissue
was then positioned on the top of the object containing
the chicken breast layer so that the object was sandwiched
between the two thick breast tissue layers. The sample
was placed between two glass plates and was slightly
compressed to a uniform thickness.

The perpendicular polarization images of the sample
were recorded using the white-light-illumination assembly
and four narrow—-band interference filters to select mono-
chromatic illumination of the sample at 600-nm, 690-nm,
770-nm and 970-nm. The exposure time of the CCD camera

N ST 1 TUTE



PROIJECTS

Figure 2: Subsurface images of a high scattering object
located 1-cm underneath the surface of breast chicken tissue
obtained using the spectral polarization difference imaging
technique and 600- nm, 690-nm, 770-nm and 970-nm
illumination. (a) [970-600] nm SPDI image, (b) [970-770]
nm SPDI image, (c) [ 770-690] nm SPDI image and (d) [690-
600] nm SPDI image.

to record the image for each illumination wavelength was
adjusted so that the digitized image intensity at an arbitrary
point at the lower-right part of the image was approximately
the same. The images were then subtracted (a second image
recorded using ashorter illumination wavelength from afirst
image recorded using a longer illumination wavelength) to
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obtain a set of new images. Figure 2a shows the spectral
polarization differenceimage obtained following subtraction
of the 970-nm image from the 600-nm image. Similarly, fig-
ures 2b, 2c and 2d show the SPDI images obtained from the
subtraction of the 970-nm image from the 770-nm image,
the 770-nm image from the 690-nm image, the 690-nm im-
age from the 600-nm image, respectively.

The object is viewed with maximum contrast in theim-
agesshown infigures 2aand 2b where the 970-nm illumina
tion was used to record the first direct image. Thisis dueto
the maximum photon penetration depth achieved for thelong-
est wavelength illumination. The object isalso visiblein the
image shown in Figure 2c where the 770-nm illumination
was used to record the first direct image. Figure 2d indicates
that when shorter illumination wavelengths are used to ob-
tain thefirst direct image, the object is no longer visible be-
cause the backscattered photons cannot reach the object lo-
cated 1-cm underneath the surface of the tissue to carry its
image information.

The above results demonstrate that subsurface im-
aging at different depth zones can be achieved using the
Spectral and Polarization Difference Imaging (SPDI)
technique and that the selection of the appropriate illu-
mination wavelengths is of critical importance. For the
coming year, we will apply the knowledge obtained from
thiswork to an imaging system we are currently building
to be used at the pathology room at the UC-Davis Cancer
Center. Thissystem will be computer controlled and user
friendly. The aim is to investigate the usefulness of this
technology in aclinically relevant environment.
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Micromechanical M odeling of Cortical Bone Defor mation

UC Principal I nvestigator: Professor Thomas M. Breunig, UC-San Francisco
LLNL Collaborator: John H. Kinney

Cortical bone is an extremely variable biological
composite material system, which is capable of adaptive
structural changes in response to the types and quanti-
ties of loading experienced. The elastic stiffness and fa-
tigue strength of cortical bone have been shown to vary
with anatomic site, age, strain rate, and loading direc-
tion. In order to test the hypothesis that accurate defor-
mation models of cortical bone will require precise tis-
sue level properties and microstructural detail, it is es-
sential to understand the three-dimensional nature of
microstructure and the locations where damage is initi-
ated. The tissue level properties of cortical bone are not
well understood, and modeling efforts have not been able
to fully investigate the role of architecture on structural
response. During physiologic activity, cortical bone is
subject to fatigue conditions. It has been suggested that
micro-damage accumulation, caused by fatigue of bone
under normal physiological loading conditions, increases
with age,* 2 strain range,®* strain rate,> ¢ and density.” 8
Compact bone within the mid-diaphyseal region of long
bones has been shown to experience peak strains in the
range of 1,500 - 2,000 pe, and there may be a critical
damage strain threshold above which there is increased
crack growth.* The strain threshold is above normal
physiologic levels, but is within the range used for me-
chanical testing procedures.

To test our hypothesis, we utilized four experimen-
tal techniques (x-ray tomographic microscopy [XTM],
atomic force microscopy [AFM], electron microscopy,
and mechanical deformation) to generate data as model
input parameters. The combination of these techniques
allowed us to probe the cortical bone’s microstructure
and mechanical properties at a variety of length scales.
During this project we were able to identify the mineral-
ization state associated with the bone remodeling pro-
cess, architectural length scales, and variations in min-
eralization with age from the XTM data. We obtained
tissue level properties and microstructural information
from the AFM indicating that significant variations exist
at this anatomic site. The presence and growth path of
fatigue microcracks were identified in equine cortical
bone and are in agreement with results previously re-
ported in the literature. The concentric cylinders model-
ing approach proved to be inadequate for cortical bone
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because of the number of architectural and mineraliza-
tion variations present. In the following paragraphs, ex-
amples of the results obtained will be presented.

A total of 10 specimens were examined from four
human femurs and the equine third metacarpal. The hu-
man femur specimens were fabricated from the central
diaphysis on the lateral side and approximately in the
middle of the cortical wall. The endosteal and periosteal
surfaces were left intact to orient the samples for tomo-
graphic imaging. The wedge-shaped sections were ap-
proximately 40-mm long, with the central 6-mm region
reduced to a 3-mm diameter. The equine specimens were
provided by colleagues from the UC-Davis Orthopedics
Research Laboratory. These specimens had been fatigue
tested in three-point bending to determine stiffness loss
properties. All of the specimens were imaged with the
XTM in an in vivo wet cell on Beam Line 10-2 at the
Stanford Synchrotron Radiation Laboratory. The sample
hydration state was maintained to prevent dimensional
changes from shrinkage and to preserve their mechani-
cal integrity.

When tomographic data is collected, the projected
image of the specimen must fit into the field-of -view of
the imaging system. To obtain the highest spatial resolu-
tion possible for these specimens, a 6.86-um pixel size
was selected. As aresult, thein vitro cell was larger than
theimaging system’s field-of-view. To correct for poten-
tial errorsin the x-ray attenuation maps produced by the
tomographic reconstruction, a region-of-interest correc-
tion was performed on each data set prior to reconstruc-
tion. The correction was checked by eval uation of the x-
ray attenuation values in the saline solution surrounding
the bone during data collection. The reconstructed X TM
data sets each contained approximately 360 million vol-
ume elements. The data sets were reduced by extracting
avolume that contained the bone and a small volume of
the saline solution surrounding the bone.

The equine cortical bones, imaged with the XTM,
were found to contain fatigue cracks. The fatigue cracks
were located on the tensile and compressive surfaces of
the three-point bend specimens. In athree-point bending
configuration, the maximum stress is located at the central
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loading point. The cracks were nucleated at the machined
surfaces and propagated straight inward until an osteonal
cement line was encountered. The cement line has a
slightly higher mineral content and is poorly bonded to
theinterstitial matrix and the osteon. Asaresult, the crack
growth path was deflected along the weak interface where
a greater amount of energy can be dissipated. These ob-
servations are in agreement with the bone and composite
materials literature.

Fatigue testing of the human femur specimens was per-
formed in tension to determine fatigue life and damage for-
mation. The central portion of each specimen was approxi-
mately 3 mm in diameter and 6 mm long. The specimens
were stored frozen and followed established protocols for
these tissues. We imaged each specimen with the XTM in
the mechanical testing gage section prior to fatigue testing.
Availahility of x-ray beam time precluded examination of
the specimens after fatigue testing. In the tomographic data
sets, we were unable to locate any micro-damage in the in-
terstitial or osteonal bone. Cracks were located in the shoul-
der region transitioning from the gage section diameter to
the natural cortical bone's thickness. These cracks were
clearly generated by the process of fabricating the fatigue
specimens. Each crack identified was located at the cement
line between the interstitial bone and osteonal remodeled
bone. Theliterature suggeststhat thisregion haslower shear
strength than the surrounding bone.

Thefatiguelife of eight human femur specimenswas
highly dependant upon the bone mineralization and ar-
chitecture. Thefatigue lives ranged from less than 10,000
to greater than 400,000. The very short fatigue life speci-
mens were from donors with very low bone mass and
were identified as being osteopenic but not yet os-
teoporotic. A maximum load required to produce a fa-
tigue strain of 2,500 pe (.0025 mm/mm) was determined
on the first cycle. The fatigue tests were then performed
in load control. As expected, the strain increased rapidly
during the first 100 cycles and the rate of increase was
very small by 1,000 cycles. The changing strain was due
to generation of damage in the structure that caused a
decrease in the stiffness. The fatigue damage process
observed was very similar to fatigue damage character-
istics of metal matrix composite materials.®

Four of the samples failed during fatigue testing. The
failure processwas characterized by avery rapid loss of stiff-
ness in the final few cycles. In future work we will attempt
to relate this rapid loss of stiffness to a critical scaling be-
havior'® of the damage features associated with the failure
process. In one of the samplesthat did not fail, the load was
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increased severa timesto determine the effect on the bone's
measured stiffness. As expected in acomposite material sys-
tem, the stiffness decreased rapidly with the introduction of
damage and stabilized at a new level within 1,000 cycles.
We also used one specimen to verify the fatigue damage
threshold in human cortical bone. To determine the fatigue
damage threshold, the stiffness change during thefirst 1,000
cycleswas monitored at aninitial fatigue strain of 1,500 pe,
2,000 e, and 2,500 ue. Themeasured stiffnessdid not change
until the fatigue loading was adequate to generate 2,500 €.
The critical fatigue damage threshold is, therefore, 2500
for human cortical bone at the central dyaphysis.

The XTM data sets were used to quantify various fea
tures within the cortical bone structure. The types of fea
tures quantified were: volume fractions of phases present;
the distribution and mean diameter of Haversian canals,
Volkmann's canals, and osteons; the surface areato volume
ratios for the Haversian and Volkmann's canal's; surface ori-
entation distribution functions; preferred orientations; dis-
tribution and mean spacing of features; etc. The ability to
examine these parameters for inter- and intra-sample
variations, which may have significant effects on the
macromechanical properties measured, will be a major ad-
vance in our understanding of the parameters required for
accurately modeling cortical bone’smechanical deformation
response. The mean porosity associated with the canal net-
worksvaried from 5.7 % to 12.5 %. Theinter-specimen mean
canal radii varied from 36 pum to 85 um, with the low bone
mass sample having a standard deviation of 40 um. The
canal size distribution for the low-bone-mass sample con-
tained the central distribution for healthy bone and had many
more canalswith asignificantly larger size. The greater num-
ber of features with a larger size may be reflective of a
decrease in osteoblast activity. (The osteoblasts deposit
new bone.)

The arrangement of Haversian canals was found to be
highly ordered and hexagonal in nature. We have not been
able to find this characteristic reported in the literature for
cortical bone. The mean center-to-center spacing of the
Haverisan canals was 265 um in all of the samples except
those with low bone mass. The low-bone-mass samples had
amean spacing of 310 um. Even though thereisarelatively
large difference between these mean values, there is no sta-
titical significance in these differences.

A skeletonization routinewas used to i dentify the branch-
ing characteristics of the Haversian structure. We found that
there are three branches connected at each node identified.
This would indicate that the remodeling process does not
activate from alarge number of sites.
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Figure 1. Representative tomographic cross-sectional
images from the four human femurs examined in this project.
The ages and sex of the donors are: (a) 37-year-old female,
(b) 55-year-old male, (c) 45-year-old female, and (d) 80+
year old female. The color scale represents the mineral
content with darker being lower levels and brighter being
higher levels.

The mineral distributionswere also determined from
the XTM data. We have been able to identify variations
between the each femur, but not between the two samples
from each femur. Figures 1 and 2 are representative to-
mographic images from the samples examined in this
study. In these figures the color scale is representative of
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the mineral content with black being very low and white
being the highest. All of theimages have been scaled with
the same maximum mineral content. Figure 1 shows rep-
resentative cross-sections from each of the human femurs
examined. The femur shownin Figure 1d isfrom the low-
bone-mass subject. The structure in thisimage has fewer
small canals and greater overall porosity than the other
specimens. Examination of the compl ete data sets reveal
agreat deal of variability with location. In Figure 2, im-
ages a and b are located 2.6 mm apart vertically in the
same specimen. Figure 2c is from the same femur and is
located approximately 1.5 cm circumferentially from 2a
and 2b. The need to examine and characterize multiple
three-dimensional volumes from each femur is apparent
based on the variations observed. These spatial varia-
tions also indicate the source for the statistical varia-
tions in the measurements of architectural features dis-
cussed above.

Several interesting featuresfrom Figure 1b are shown
in Figure 3. The Haversian canal sizes and mineraliza-
tion patterns allow the primary osteons, associated with
the initial growth process, and secondary osteons, asso-
ciated with the remodeling process, to be identified. The
mineralization pattern surrounding a primary osteon is
not significantly different than the interstitial matrix at
the length scale of these images. The mineral content of
a secondary osteon is lower than the interstitial matrix
and can be seen clearly around several canals. A hyper-
mineralized cement line has been identified in this speci-
men. Figure 3b is avertical section through this feature.
The hyper-mineralized region extends over a short length
of the osteon. Thereisvery littlein the literature describ-
ing the frequency and extent of this type of feature in
cortical bone.

A0

Figure 2. Tomographic cross-sections from the same cortical bone donor as Figure 1b illustrating the variability of structure and
mineralization level with position. Figures 2a and 2b are separated vertically be 2.6 mm, while Figure 2c is located approximately 1.5

cm circumferentially from 2a and 2b.
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— Secondary Osteans

Comaent Ling

Figure 3. Mineralization pattern in cortical bone of a 55-year-old male. Features
of interest identified in the tomographic data are the primary and secondary
osteons around the haversian canals. A location of a hypermineralized cement
line has been highlighted and its longitudinal extent illustrated by extracting a
vertical section from the three-dimensional tomographic data set.

The sensitivity of the XTM datato variationsin min-
eral content allowed us to identify the features associ-
ated with the remodeling processin cortical bone. There
are three stages required for remodeling: activation, re-
sorption, and mineralization. Figures 4 and 5 highlight
the capabilities of the XTM data sets for characterizing
these complex structures and their various stages of repair
during a normal life cycle. Figure 4 shows a three-dimen-
sional surface rendering of aresorption sitethat is 1.37 mm
long. In histologic sections, osteoclast cells are associated

Figure 4. Site where the remodeling processisin the
resorption phase. Resorption sites are characterized by their
rapid decrease in mineral content from the matrix level. In
histologic sections, osteoclast cells are associated with
relatively smooth surfaces created as the bone matrix is
demineralized. The resorption site is 270-um wide, shown in
the tomographic section on the left, and is 1.37-mm long as
shown in the surface rendering on the right. In the surface
rendering shown, the surfaces are smooth.
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— Hypermineralized

with relatively smooth surfaces created asthe
bone matrix is demineralized. The resorption
site was identified by the rapid decrease in
mineral content from the surrounding matrix
and its smooth surface. There is no partially
demineralized layer identifiable with the 6.8-
pum voxel size used for these experiments.

The mineralization phase follows re-
sorption in the remodeling process. Figure
5 shows atypical region where mineraliza-
tion is actively taking place. The ostoblast
cells that form new bone deposit layers of
collagen that the mineral will be deposited
into and connected to. These layers of col-
lagen and mineral form the secondary
osteons. We can identify these features by
their lower mineral content than the inter-
stitial matrix. From the surface rendering
itis possibleto visualize the connectedness
of the Haversian network. The mineral level used to cre-
ate the surface rendering imageisrelatively low. The os-
teoblasts sit in small depressions on the newly forming
bone surfaces. It is possible to identify these sitesin the
surface rendering as small bumps on the surfaces of the
Haversian canals.

The statistical significance of age, sex, anatomic site,
and disease state cannot be determined with the limited
sample size examined in this study, but will be variables

Figure 5. Ste where the remodeling processisin the active
mineralization phase. A mineralizing site can be characterized by
the transition from the matrix mineral level to a lower mineral
content in the osteon as seen in the tomographic cross-section on
the left. From three-dimensional surface renderings of the void
spaces (at a constant mineral content), it is possible to visualize
the canal network’s orientation and fine details of the surfaces.
The locations labeled A, B, and C in the tomographic cross-
section are indicated in the surface rendering.
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included in the NIH proposal being prepared from these
preliminary results.

The tissue level properties were measured with the
AFM in the hypo-mineralized osteonal regions and the
interstitial bone as a function of position. The modulus
measured in the interstitial bone ranged from 16-28 GPa,
and the osteonal bone had a modulus below 14 GPa. These
stiffness values were highly dependent on their location
within microstructure. As bone is deposited a lamellar
structureisformed. Thetissuelevel propertiesin lamella
are higher than in the interlamellar regions. The tissue
level propertiesin the secondary osteons where new bone
isforming are reflective of the stage of remineralization
and differencesin collagen content in the newly forming
bone. The tissue level properties we measured are simi-
lar to those measured with micro-hardness techniques.
Our maximum modulus measured is higher than noted in
the literature and may be due to the smaller interaction
volume associated with the AFM’s uN force compared
to amicrohardness force ranging from 50 mN — 500 mN.
In the samples with low bone mass, the interstitial bone
stiffness fell within the range of the bones with normal
bone mass. Further testing will be required to determine
if there are significant differences in these tissue level
properties when osteoporosis is more advanced. The
variations with gender, age, anatomic site, and disease
state are variables that need to be further examined.

The concentric cylinders modeling approach used to
predict cortical bones mechanical deformation responsewas
not as successful as we had hoped. This modeling approach
isat acontinuum level and requires ahomogenization of the
architecture present. Asaresult, it isnot able to reflect local
changes associated with the remodeling process. The con-
tinuum nature of thismodeling technique also limitsthe abil-
ity to incorporate damage parameters. The current method
used for incorporation of damage is to decrease the struc-
tural stiffness of various cylinders. Thiswill not account for
interactions of damage with the architecture features. The
approach to be explored further in the future is incorpora-
tion of the tomographic datainto finite el ement models simi-
lar to the approach of Kinney.! While the finite element
approach will allow incorporation of tissue level properties
and damage characteristics, the computational time will be
very significant for arelatively small volume of material.

Summary of University - LLNL Interaction

During the course of this grant, there was significant
i nteraction between peopl e at the UC-San Francisco campus
and LLNL. The availability of office space at LLNL pro-
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vided alocation to focus the literature evaluation and mod-
eling portion of this project. In addition, access to other lo-
cations at the LLNL site provided contact with people for
the exchange of ideas on how to approach various aspects of
this project. While the XTM data collection was performed
at the Stanford Synchrotron Radiation Laboratory, using
unique equipment available through LLNL, al of the data
reduction was performed in Dr. Kinney’slaboratory. The data
analysis was performed at both facilities.

The AFM and Hysitron nano-mechanical experiments
used equipment at LLNL and on campus. Mehdi Bal ooch of
LLNL assistedin performance of these experimentsand pro-
vided additional information about eval uation of tissuelevel
properties measurements in biomaterials.

A remote terminal was purchased for use in this
project by the Materials Research Institute for this project.
The willingness of the Materials Research Institute to
provide facilities and equipment for successful comple-
tion of this project and others is greatly appreciated by
the University investigators.

Future

Theinformation generated from thisgrant will formthe
basis for a Nationa Institutes of Health RO1 grant applica
tion. The central hypothesisto be tested isthat the mechani-
cal properties of cortical bone vary with anatomic site. To
eva uate the central hypothesis, we will test the hypothesis
that the tissue level properties depend upon anatomic site
and are affected by factors such asage, gender, and ethnicity.
Wewill usethe XTM to evaluate the mineral density at vari-
ous anatomic sites and to determine if there are differences
in micro-crack nucleation and growth characteristics associ-
ated with fatigue damage. We will establish a correlation
between the mineral density present and the tissue modulus
measured with theAFM. The collaboration between investi-
gatorsat UC-San Francisco and Lawrence Livermore Na-
tional Laboratory will be a key factor for the successful
evaluation of this complex biological phenomenon.
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Fundamental Studies and Applications
of Semiconductor Nanocrystals

UC Principal I nvestigator: Professor Susan M. Kauzarich, UC-Davis
LLNL Principal Investigator: Howard W. H. Lee
Student: Boyd Taylor, UC-Davis

Nanocrystals are particles with physical dimensions of
a few nanometers and typically contain a few thousand at-
oms or less. At sufficiently small sizes, three dimensional
guantum confinement (QC) of electronsand holes givesrise
to optical and electrical properties that are highly-size and
shape-dependent and dramatically altered from their bulk
counterparts. This is manifested, for example, as enhanced
light emission and optical nonlinearity, shiftsin the optical
spectra to greater energies than the bulk, and localization
and modifications in the density of electronic states.

Extensive research has been conducted on direct band
gap nanacrystal's, however, except for Si, relatively little has
been performed on indirect bandgap nanocrystals. Interband
radiative relaxation in bulk indirect bandgap semiconduc-
tors requires phonon assistance, which isinefficient and un-
desirablefor many optoel ectronic and photonic applications.
Quantum confinement offers an intriguing method to modify
the optical and electronic properties of indirect bandgap
materials, thus providing material systemswith different and
desirable properties from the bulk.

The fascination with light emission from Si and Ge
nanocrystals derivesfrom: (1) scientificinterest in efficient
and above-bandgap light emission from an indirect bandgap
material where such emissionisinherently inefficient dueto
the need for phonon intervention, and (2) thedrivefor higher
performing optoelectronic and photonic systems that are
compatible with mature Si-based microelectronics. The ob-
servation of efficient visible luminescence from porous sili-
con (PSi) in 1990 initiated intense worldwide research into
themechanism of light emission from PSi and nanocrystdline
silicon and the applications that this would enable. Many
theories attribute at least some portion of the visible emis-
sion, particularly in the red, to QC.2 Defects, impurities,
molecular species, amorphous Si, and surface states have
also been proposed.? Nevertheless, in spite of the enormous
amount of research into their optical properties, the origin
and nature of the visible luminescence from nanocrystalline
Si and Ge, and the new applications that they will enable,
remain controversial and continue to receive intense world-
wide attention.
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We have made several significant contributions to
this field: (1) pioneered the only synthetic solution
method to produce Si and Ge nanocrystals with surfaces
that are well-terminated with oxides or organic alkyl
groups?, (2) observed for the first time a broad and con-
tinuously tunable light emission (ultraviolet to visible)
from Si and Ge nanocrystals®, (3) developed a definitive
model for the physics of light emission from these
nanocrystals?!, and (4) designed and fabricated the first
and only blue light emitting LED based on these Si and
Ge nanocrystals®. Optical studies include absorption, pho-
toluminescence (PL), PL excitation (PLE), size-selective
spectroscopy, femtosecond spectroscopy, power dependent
spectroscopy, and nonlinear optical spectroscopy.

Our results provide a comprehensive understanding
of the origin and nature of light emission from isolated
Si and Ge nanocrystals.* A key manifestation of quan-
tum confinement is a size-dependent PL energy. We ob-
serve light emission that can be continuously tuned from
the ultraviolet (UV) to throughout the visible by chang-
ing the nanocrystal size (Figure 1).

Thisis the first observation of such a broad (UV to
visible) and continuously tunablelight emission from iso-
lated Si and Ge nanocrystals. The mechanism for thislight
emission can be separated into quantum confinement
(QC) and non-quantum confinement (non-QC) contribu-
tions. We can differentiate between QC and non-QC ef-
fects by appropriate spectroscopic studies. Our results
indicate that QC in Si and Ge nanocrystalsis responsible
for this broadly tunable emission. Similar optical prop-
erties are observed for nanocrystals with different sur-
face terminations, confirming that the QC luminescence
arises from the nanocrystalline core. Our results also re-
solve the long-standing question of whether the UV-blue-
green PL originates from the surface oxide layer, aslong
believed. Our observation of this PL from nanocrystals
with and without an oxide layer unequivocally establishes
that this PL originates from the nanocrystalline core. In
addition, it is generally believed that as the particle size
decreases, the band structure becomes more
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Figure 1a. Broadly tunable PL from different size S nanocrystals.

dispersionless and hence more direct-like. Surprisingly,
our results also show that this QC luminescence main-
tains an indirect character even down to small diameters
(£2nm). Thisisconfirmed by our observation of phonon
replicas in the resonant PL spectra and phonon absorp-
tion and emission in the PLE spectra (Figure 2). Phonon
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Figure 1b. Broadly tunable PL from different size Ge nanocrystals.

interventionisrequired for light emission in spite of quan-
tum confinement, even for small nanocrystals.

Another key manifestation of QC is a size-depen-
dent energy gap. We observed and characterized such a
size-dependent energy gap associated with Si and Ge
nanocrystals. Our results also show similar energy gaps
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Figure 2. Observation of phonon absorption and emission in the PLE spectra of S nanocrystals.
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Figure 3a. Blue LED based on S nanocrystals.

for nanocrystals with the same size but different surface
terminations. This strongly indicates that the effective en-
ergy gap derives from the nanocrystalline core. Many theo-
ries predict a size-dependent energy gap of the form

+ =
dn

where Eg(oo) is the bulk bandgap, C is a constant that
depends on material properties, d is the nanocrystal di-
ameter, and n is a constant that generally varies between
1 and 2. Simple effective mass theories® predict n = 2,
which does not agree with our data. Our results on Si
nanocrystalsgiven=14+ 0.1, C= 115+ 27 (d in Ang-
strom), and Eg(oo) =1.15eV * 0.05. These values agree
well with more sophisticated tight binding” and with
pseudopotential calculations.® Our results establish that:
(1) QC plays an important role in these nanocrystals, (2)
the size-selective PLE spectrarepresent absorption from
different sized QC nanocrystals, and (3) the broadly tun-
able PL directly results from this QC. Our results indi-
cate that n = 1.4 for Ge nanocrystals as well.

Non-QC luminescenceis also observed and involves
mainly localized trap emission. This non-QC lumines-
cence occurs at trap-specific energies in the visible and
may be mistaken for QC emission. Through saturation
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Figure 3b. Blue LED
based on Ge nanocrystals.

spectroscopy, we identified these traps as defects in the
oxide surface layer. For Si nanocrystals, these emis-
sionsoccur inthered (1.8-2.0 eV), green (2.5eV), and
blue-green (2.7 eV) spectral regions and may be mistaken
for QC luminescence. These non-QC mechanismsthat give
rise to visible emission (particularly the red) underline the
caution required for the interpretation of visible light emis-
sion from nanostructured Si and Ge. In light of our results,
many reports of QC luminescence from Si and Ge
nanocrystals are how understood to results from non-QC
origins. Nanocrystalsterminated with organic alkyl groups
show only QC luminescence. Trap emission is not observed.
This attests to the complete and defect-free nature of the
alkyl surface termination in our synthesis process.

Based on our new understanding of these
nanocrystals, we designed and fabricated thefirst and only
blue-light-emitting device (LED) using semiconductor
nanocrystals as the active material. Figure 3 shows op-
erating blue LEDs using Si and Ge nanocrystals.
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Student: Michael Paskowitz, UC-Davis

Introduction

The optical properties of nanocrystalline Si (n-Si) are
of great scientific interest because they aretunable by choice
of theparticlesize of n-Si. Theissueremainsasto the mecha
nism by which the optical properties are sensitiveto particle
size. Thetwo competing ideas are quantum confinement, in
which the properties depend only on particle size, and chemi-
cal passivation of the outer layers of n-Si by oxygen.

Conventional methods of making n-Si using wet chem-
istry and chemical impurities in the process are always
issues as to what causes the optical properties to vary. In
this project we are making n-Si by the physical process of
shock compression, in which heterogeneous deformation of
SiO, causesn-Si to nucleate and grow for ~1 microsec within
aninitial SIO, crystal.

The observation that n-Si can be made by shock com-
pression was made because the dynamic deformation of
minerals has been of interest in the geological commu-
nity for determining the behavior of these materials at
extreme pressures and high strain rates, such as occur in
cometary impacts. Inthe past, dynamic shock experiments
on quartz have been performed in steel capsules. Instead,
Fiske, et al! shocked the quartz in an aluminum fixture
to allow greater strain in the material and correspond-
ingly greater heterogeneous shock temperaturerise. The
shockwave transformstheinitial single-crystalline quartz
samplesinto quartz crystallites containing diaplectic glass
with < 400 nm regions of diamond-phase silicon in the
grain boundaries interspersed with tiny aluminum par-
ticles. Under laser illumination for Raman spectroscopic
investigations, the sample showed an intense red lumi-
nescence.? Current interest in the shock processing of
guartz in aluminum fixturesisto find the mechanism for
the formation of n-Si, such as the dependence on the mag-
nitude and duration of the shock pulse, and to find away
of controlling the n-Si size for application as semicon-
ductor quantum dots.
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Project Update

It was suspected that aluminum oxide was present in
the structure, but it could not be identified through pre-
vious x-ray or electron diffraction studies. Observation
of the solid state 27-Al NMR signal corresponding to a
four-fold coordination confirmed aluminum incorpora-
tion into the silicate network.

A peak corresponding to six-fold coordination was also
found. Aluminum within asilica matrix shows a change in
coordination from four-fold to six-fold coordination at high
pressures. This coordination is quenched when the glassis
rapidly brought to lower temperatures. The greater intensity
of the six-fold peak in the NMR signal may be due to the
guenched in higher coordinated aluminum or it may be due
to oxidized aluminum present from atmospheric oxidation
of bulk aluminum left within the sample. At present, itisnot
possible to distinguish from which of these two potential
sourcesthe six-fold coordinated Al signal comes. The pres-
ence of the four-fold coordinated signal provides evidence
of aluminum incorporation into the glass.

Previous processing of the samplesincluded infiltrating
the post-shocked sample with canada balsam. This slowed
effortsto get meaningful photoluminescence (PL) datafrom
the sample since the canada balsam luminesced in the re-
gion of interest. Metallic dluminum incorporated into the
sample during shock processing increased samplereflectivity,
also causing problems with PL data collection.

A region of red luminescence was detected visually, but
wewere not ableto characterize thisregion by spectroscopic
techniques before the sample area ceased luminescing.

Future sample preparation will use a UV-transparent
epoxy, which will passthe wavel engths necessary to char-
acterize the ssmples with PL and PLE. Sample integrity
will be maintained, while permitting efficient optical data
collection.
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Nanoscale Study of Strain and Strain Dynamicsin
Laser Materialsand Nonlinear Optical Materials

Principal I nvestigator: Professor Umar Mohideen, UC-Riverside
LLNL Principal I nvestigator: Ming Yan
Student: T. J. Yang, UC-Riverside

Strain and fracture dynamicsis an exploding new area
of physics, which has gained tremendous impetus from
large-scale molecular dynamics simulations. However, a
lack of detailed microscopic experimental investigations
of strain dynamics has severely handicapped new theo-
retical advances. We propose to study surface stress and
strain dynamics in optical components (laser materials
and nonlinear optical materials) with nanometer resol u-
tion using a variety of scanning microscopes such as
the Near-Field Scanning Optical Microscope (NSOM),
Atomic Force Microscope (AFM) and Scanning Tunnel-
ing Microscope (STM). Inthefirst year of the program,
we have used aNSOM and AFM to identify and charac-
terize nanometer-sized surface and subsurface defectsin
optical components at LLNL. This project will have a
large impact on the basic physics of strain dynamicswhile
fulfilling a programmatic need at Lawrence Livermore
National Laboratory.

The first stage of the research has been partly ac-
complished during the first year of this grant. We were
involved in the identification of the nature of surface
defects in optical components at LLNL. We adapted a
large-area AFM to perform NSOM scans of full-size fused
silica optical components. This research has resulted in
two publications. Next we will perform quantitative
measurement of the strain, through the associated bire-
fringence, and the relationship of the surface morphol-
ogy to the strain. We now plan to integrate an STM with
the NSOM in order to facilitate chemical identification
of the defects.

Some of these studies have been conducted on ac-
tual optical components used in the laser program at
LLNL. While the components do undergo a variety of
optical tests at LLNL during fabrication, all of them are
macroscopic and limited to a resolution of a few thou-
sand angstroms. This will the first study of the nanom-
eter-scale optical defects introduced in the fabrication.
These studies will be based on our experience studying
the strain associated with domain walls in nonlinear op-
tical materials like LiTaO, and LiNbO, In the case of
LiTaO, we have used the measured strain at the domain
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wallsto calculate the domain wall energy and the associ-
ated internal electric field.

The stresses in optical components are associated
with defects incorporated during fabrication of the opti-
cal components, especially the cutting and polishing
stages. These nanoscal e stresses and strains will exacer-
bate failure mechanismsin the optical components. Also,
given the high intensity optical beams that are transmit-
ted through the optical components, even small phase dif-
ferences and/or polarization rotationsthat are introduced
by the nanometer scal e defects could eventually result in
aloss of coherencein the transmitted optical beam. This
decoherence can also lead to eventual self-focusing and
serious damage to optical components in the beam path.

The surface topography measured with the AFM and
the NSOM will be correlated with optical features de-
tected by the NSOM. This will be the first quantitative
study of strainsand their dynamicsin optical components
on a nanometer scale. Additionally this study is tailor-
made to understand the optical defectsin optical compo-
nents fabricated at LLNL for use in the laser program.
The results of the study can be used to better understand
the failure mechanismsin optical components fabricated
at LLNL. These will be the first submicroscopic experi-
ments in the new evolving field of fracture and strain
propagation.

Experimental Methodology and Technical
Progress

We are using a NSOM?23 with a spatial resolution
of 50 nm. This has allowed investigation of local and
dynamic strains with unprecedented spatial resolu-
tion. In our experiment, the strain has been detected
with nanometer scale resolution by the following two
methods:

1. Polarization rotation of the transmitted light coupled
in the near-field.

2. Near-field coupling of defect-perturbed evanescent
modes.
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Polarization rotation of the transmitted light
coupled in the near-field

Strains of 10° have been measured with aspatial reso-
lution of 100 nm using this technique on ferroelectric
domainwallsin LiTaO,.*" These strains were associated
with the reorientation of the ferroelectric dipole at do-
main walls in optically polished single crystals. The
strains are detected using the associated birefringence at
the domain walls. The experiments were done at room
temperature by detecting the transmitted light polariza-
tion rotation (from the birefringence®). A CW Arion la-
ser with awavelength of 514 nm was used. Thelight trans-
mitted through the sample was passed through an ana-
lyzer, which was set for minimum transmission in an iso-
tropic region of the crystal at the start of the scan. When
the fiber probe is scanned over a domain wall, the bire-
fringence associated with the strain produces a rotation
of the polarization of the transmitted light. The resultant
increased transmission through the analyzer is detected
by a cooled photomultiplier tube.

Near-field coupling of defect-perturbed
evanescent modes

This experimental method is more suited for detection
of surface and subsurface (within 100nm of surface) defects
and strains. A 1-mm diameter, I-mW laser is totally inter-
nally reflected from the surfaceto beinvestigated. Thefiber
probe of the NSOM is placed in the near-field of the surface
(5 nm from the surface) using the shear force technique’.
The evanescent field is coupled into the fiber tip (photon
tunneling).® This coupling is drastically modified by any
surface and subsurface refractive index perturbations such
as from strain and defects. These refractive index perturba-
tions can be correlated with the topographi c image obtained
from the shear-force technique and the AFM to yield defini-
tiveidentification of the nature of the defect such as scratches,
imbedded impurity, void, or strain field. We have used this
technique to map the strain field around subsurface impuri-
tieswith 20 nm resolution in optical componentsat LLNL .8

Accomplishments of the Past Year

In the first year of this grant, we were involved in
the identification of the nature of surface defectsin opti-
cal components at LLNL. We adapted a large-area AFM
to perform NSOM scans of full-size fused silica optical
components. We correlated the optical signal from the
NSOM to the surface features detected with the AFM. In
the case of nonlinear optical materials such as LiTaO,,
we were able to quantitatively measure the strain at single
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domainwalls. We also studied the pinning of domain walls
due to defect centers by observing the profile of the wall
under an applied DC field. The above accomplishments
have resulted in four publications®™® (two submitted).

Present LLNL - University Interactions

We have a strong ongoing research program with the
Materials Division at LLNL. In the past year we have col-
laborated on the design of a special NSOM to handle large
samples (full-size optica components). The experience at
UC-Riversidein NSOM aong with the large-area scanning
capabilities at LLNL with the AFM were integrated to de-
sign the large-area NSOM. The large-area NSOM is now
operational and has been used to obtain some of the results
on defectsin optical components.®
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Overview 100

We are devel oping the use of slow, %0

highly charged ion (SHCI)-surfacein- 80
teractionsfor sensitive surface analy-
sis. The unique competitive advantage
of SHCIs over conventional, singly 60
charged ions is the extreme, high-

70

Si,

Counts

energy- density that is deposited 50
into a nanometer-sized near-surface 40
volume at impact of asingle HCI. For

example, aAu®®* ion deposits ~0.5M J/ 30

cm?. The high-energy-density causes
the emission of large numbers of sec-
ondary particles, which are probes of
the energy dissipation mechanism.
The yields and energy of the emitted
particles are also of technological sig-
nificance; they lead to the develop-
ment of SHCI-based analysis tech-
niques (such as secondary ion mass
spectroscopy) boosting sensitivity lim-
itsto <10° atoms/cn?. Thissurface sen-
sitivity and quantification can be and
is being applied to Laboratory mis-
sions in enhanced surveillance and
nonproliferation.

|

20 §
10 §

Technical Progress 1998

More than one secondary ion can be detected from
the impact of individual highly charged ions like Th™*
on surfaces. By accumulating time-of-flight cycles in
secondary ion mass spectrometry (SIMS) event by event,
we can differentiate impact eventsrequiring the presence
of characteristic fingerprint ions. Building spectra with
characteristic requirements, we can now see correlation
of secondary ions that were emitted from single primary
ionimpacts. We estimate the emission area of secondary
ionsto be only ~10 nm x 10 nm. The uniquely high sec-
ondary ion yields enable the probing of chemical struc-
ture and homogeneity of complex target surfaces on a
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Figure 1. Coincidence counting time-of-flight positive secondary ion mass
spectrum fromW/SO,/S test wafer with a Th™* primary beam with 262.5
keV incident energy. The black line isthe full spectrum divided by 8. The
SO* coincidence spectrumdivided by 3 is shown in yellow and the WO*
coincidence spectrumis shown in red. The spectra are scaled based on
the relative number of sweeps used to build each spectrum.

nanometer scale. An exampleisgivenin Figurel1l. The
full spectrum shows signatures of tungsten oxide and sili-
con dioxide from aW/SiO, test wafer. Tungsten was de-
posited by reduction of WF, in disilane. A byproduct of
this processis silicon fluoride compounds, most of which
are volatile (SF,). Requiring the presence of tungsten
features, wefind avery strong correlation with Si Fions.
Thisindicatesthe presence of silicon fluoride on the tung-
sten areas. Requiring the presence of a SiO, feature re-
vealsthat no silicon fluoride is present on the SiO, areas
of the test structure. The information gained can be fed
back into optimization of process parameters. Highly
charged ions are a unique tool for probing the chemical
structure on a nanometer length scale. We are exploring
the potential of this new technique in studies of materials
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with programmiatic significance
such ashydrogen getter technol -
ogy and high explosive mix-
tures.

We have designed and con-
structed a low-magnification,
proof-of-principal, SHCI-based
SIMS microscope. Images of
test waferswerecollected in sev-
eral runsat theelectronbeamion
trap facility at LLNL. Contrast
provided by the number of emit-
ted electrons, secondary ion
time-of-flight, and total emitted
intensity was demonstrated at
the micron scale. We will use
this device as a testbed during
development of components needed for the full instrument.
InFY 98 we used the proof-of-principle deviceto attack three
aspects of the project: the high bandwidth data acquisition
system; theimage processing and presentation software; and
the quantification of the compositional information. Thedata
from the test microscope is guiding the decisions for the fi-
nal design. Figure 2 shows a SHCI-emission microscope
image of copper lineson SIO,.
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Figure 2. Sow,
highly charged ion
emission microscope
image of 5 micron
copper linesin SO,.
The copper line
spacing is 15
microns center-to-
center. Red and
yellow correspond to
the higher pulse
height events, hence
higher electron
emission. Events are
also filtered based
on the secondary ion
time-of-flight.

We have al so measured the sputter yields of uranium
oxide and GaAs interacting with highly charged ions. Up
to 70 uranium atoms and 1400 Ga and As atoms are re-
moved by Th™* ions. Sputter yields are fundamental char-
acteristics of the interaction of highly charged ions with
surfaces. Important new insights into atomistic mecha-
nisms of the interaction are based on our results.
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The Study of Photoluminescence and
Device Applications of St Quantum Dots

UC Principal I nvestigator: Professor Susan M. Kauzarich, UC-Davis
LLNL Collaborator: Howard Lee
Students. Daniel Mayeri, Chung-Sung Yang, UC-Davis

During the past year, we have investigated Mg,Si as a
reagent to prepared Si nanoclusters. In addition, we showed
that these nanoclusters can be prepared without oxygen on
the surface. More work is necessary to prove a quantum
confinement model.

Figure 1 shows amicrograph for the methyl-terminated
silicon nanoclusters, which contains a large number of
nanoclusters. Thisisproduced from areaction starting with
Mg,Si. UnlikereactionswithASi, we obtain alarger distri-
bution of sizes. The number of nanoclusters, shapes and
variety of sizesweretypical for al preparationswith Mg,Si
and similar micrographswere obtained regardless of surface
termination. For some of the larger nanoclusters (5 nm), the
outline of ahexagonal shape can be discerned. All the reac-
tions that use Mg,Si as a reagent produced particles that
showed similar shapes. Thisis aso quite distinct from our
reactions with ASi, where we obtain mostly small particles
(1-2 nm) with spherical shape. In all cases, the SAED (se-
lected area electron diffraction) and lattice fringes (Figure
2) are consistent with diamond structure Si. The sizesrange
from 1 nm to 4-5 nm for atypical synthesis with only one
lattice fringe orientation visible. Lattice fringes are mea-

sured from the negatives and are consistent with the { 111}
crystal plane of Si. The average size of nanoclusters ob-
tained from TEM datais 3.2(1.3), 3.1(1.9), 3.7(2.1) and 4.4
(2.4) nmfor -CH,, -CH,, -nC,H,, and -n CH_, termination,
respectively. The standard deviation in nanocluster size in-
creaseswith thelength of the alkyl chain. Thissuggeststhat
the longer-chain alkyl surfaces promote solubility of the

larger nanoclusters.

FTIR was used to identify and characterize the organic
species on the cluster surfaces. Seven characteristic peak
groups are observed for Si clusters terminated with methyl,
ethyl, n-butyl, and n-octyl alkyl groups, i.e., 2960-2920,
2860-2840, 1460-1450, 1380-1370, 1270-1250, 1100-1000,
and 780-740 cm™. These peaksare assigned to C-H stretch-
ing and Si-C bending modes. Thereisno evidencefor Si-O
in the FTIR, which suggests that these nanoclusters have
well-controlled surfaces and are completely passivated with
alkyl groups.

Optical absorption and photoluminescence (PL) spec-
troscopy were used to investigate the optical properties of
these silicon nanoclusters. The UV-vis absorption spectra

Figure 1. The HRTEM image for silicon
nanoclusters terminated with methyl.
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Figure 2. AHRTEM image showing lattice
fringes of a S nanocluster.
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Figure 3. Optical spectra of S nanoclusters terminated by
various alkyl groups.

of various colloids are shown in Figure 3. The absorp-
tion of the solvent (hexane in this case) has been sub-
tracted from each of the spectra. The nanocluster col-
loids showed similar featuresin the optical spectra. There
isasmall absorption at approximately 260 nm in the spec-
trum of the n-octyl-terminated sample. This feature is not
assigned at the present time. An absorption edge appears at
approximately 260 nm for the methyl-, -n butyl- and -n octyl-
terminated samples and at 240 nm for the ethyl-terminated
nanoclusters. This is considerably blue-shifted from the
bandgap of bulk Si. The absorption edge shifts with
nanocluster size in accordance with quantum confinement
models and agrees with sizes observed in TEM images.

The photoluminescence spectra were measured at
room temperature and are shown in Figure 4. One peak
is observed for all four samples. To date, the origin of

1 9 9 8 A NNUAIL

Intensity

300 350 400 450 500

Wavelength (nm)
Figure 4. Photoluminescence spectra for alkyl-terminated
S nanoclusters. The emission spectra were collected from
300-800 nm with an excitation band width of 2.5 nm and
excitation wavelength of 310 nm.

blue PL from nanocrystalline Si systems remains contro-
versial.® This UV-blue peak is observed for all the
samplesregardless of surface termination, suggesting that
the photoluminescence is intrinsic to the Si core. This
UV-blue PL from these nanocrystallites occurs in a dif-
ferent spectral region than that from other blue emitters
such as oxidized porous silicon (440-480 nm)® or sili-
con carbide (500-520 nm),* thus complementing the blue
output performance. This result also suggests that these
species are not the source of the blue emission that we
observe from the Si nanocrystals.

We have devel oped aconvenient and versatiletechnique
for the synthesis of a variety of alkyl-terminated silicon
nanocrystallites. This nanocluster photoluminesce strongly
in the blue. The mechanism for the photoluminescence is
till under investigation.
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Dislocation Dynamics Simulations
of Defor mation Hardening In BCC Metals

UC Principal Investigator: Professor Nasr M. Ghoniem, UC-Los Angeles
LLNL Collaborator: Tomas Diaz dela Rubia
Post Docs: Lizhi Sun, Shih-Hsi Tong, UC-Los Angeles
Student: Rudy Martinez, UC-Los Angeles

Summary of Research Progress

Intensive experimental investigations of hardening
mechanisms in both FCC and BCC alloys indicated that
two types of phenomena govern the increase in flow
stress: (1) source hardening and (2) friction hardening.
Source hardening operates when the critical resolved
shear-stress level is low and is increased slowly until
dislocations are unpinned from the influence of small
barriers to their motion. The phenomenon is common in
BCC alloys, and is related to the fast diffusion rates of im-
purities, point defects, or other elements (e.g., carbon) to
dislocation cores. Source hardening is manifest in a yield
drop (from upper to lower yield points) and can be observed
in unirradiated BCC alloys. Dislocation channelsformin a
manner similar to avalanche propagation, and the final re-
sult is the well-documented plastic instability in irradiated
materials. Plastic deformation in this case is concentrated
on dip planes, leading to premature fracture.

Deformation behavior of BCC metals, particularly
Fe, is sensitive to temperature. Under neutron irradia-
tion or high strain-rate deformation conditions, the flow
stressin BCC metalsincreases, the DBTT shiftsto higher
values, and plastic deformation localizes, leading to pre-
mature fracture instabilities. Resistance to dislocation
motion isknown to increase as aresult of increasing dis-
persed barriers through radiation-induced lattice defects.
During the period covered by the research grant, we fo-
cused our efforts on the development of an accurate
method for determination of stresses, forces, moments
and interaction energies between slip dislocation loops
and irradiation-induced defect clusters. Inthefollowing
paragraphs, we describe our research accomplishments in
these aress.

In DD simulations of plastic deformation, the com-
putational effort-per-time step is proportional to the
square of the number of interacting segments, because
of the long-range stress field associated with dislocation
lines. Itistherefore advantageous to reduce the number
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of interacting segments during such cal culations. Recent
3-D calculations of dislocation interactions using straight
segments are based on analytical solutions of the elastic
field of either mixed segments (e.g., Zbib, Rhee and Hirth,
1998 and Schwarz and LeGoues, 1997), or just screw and
edge dislocation segments (e.g., DeVincre and Kubin,
1994). Zbib, Rhee and Hirth (1998) have shown that the
length of each straight segment is roughly limited to the
range of 50-200 units of Burgers vector. Longer seg-
ments may have substantial force variations, thus limit-
ing the usefulness of one single equation of motion for
the entire segment. Meanwhile, singular forces and
stresses arise at sharp intersection points of straight seg-
ments, which results in divergence of the average force
over the straight segment as the segment length is de-
creased. When the dislocation loop is discretized to ei-
ther screw or edge components that move on a crystallo-
graphic lattice (Devincre and Kubin, 1994), the accuracy
of strong dislocation interactionsis compromised because
line curvatures are crudely calculated. In addition, mo-
tion of dislocation segments on a fixed lattice produces
inherent limitations to the accuracy of the overall dislo-
cation dynamics.

Evaluation of the elastic field around an arbitrary-
shape dislocation loop requires explicit development of
the equations of elasticity for each finite segment. The
procedure is quite lengthy, and is described in sufficient
detail by Ghoniem and Bacaloni (1997). We developed
anew procedure, by first rewriting Burgers displacement
equation for aloop in index tensor form. The displace-
ment vector is then differentiated to obtain the elastic
strainin anisotropic material asalineintegral. The stress
tensor is computed from the linear relationship between
the strain and stressin an isotropic elastic material. The
line integral for each stress component is finally
discretized by parametric segments, and the total stress
field is computed by numerical quadrature integration
over each segment. Summation of field contributionsfrom
loop segmentsis not required in these cases, because the
entire loop is represented by one closed segment. Thus,
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the stress tensor is evaluated by numerical integration of the following form:

Ghoniem and Bacaloni (1997)-developed explicit forms
for the stress field components in detail.

The interaction between slip-type dislocation loops
and defect clusters has been determined in BCC metals.
This is accomplished by development of equations for
the interaction energy of a general dislocation loop and
small _<111>-[111] prismatic defect clusters. Threelev-
els of calculations have been performed: (1) full numeri-
cal evaluation of double-line integrals for the slip loop /
defect cluster configuration, (2) an elastic dipole approxi-
mation and (3) a center of dilatation approximation for
the cluster. The purpose of thisinvestigation wasto iden-
tify the main cause of decoration of slip loops by small
irradiation-induced defect clusters, and to correlate the
width of theinteraction zone with experimental observa-
tions.

UCLA Campus-LLNL Collaboration

The UCLA team is composed of Professor Ghoniem,
one graduate student, one undergraduate student and two
post-doctoral students. Professor Ghoniemisleading the
team by formulating new methodologies for dislocation
dynamics and for the interaction of dislocations with ir-
radiation-induced defects. The graduate student is help-
ing him by performing tensor algebra and computer pro-
gramming of the resulting equations. Dr. Shih-Shih Tong
isan expert in computational geometry andiscurrently work-
ing with Professor Ghoniem to devel op efficient techniques
to represent dislocation topologiesin 3-D. In addition, Dr.
Lizhi Sun, who joined the group recently, is working with
Professor Ghoniem to develop and implement the equations
for the mechanical interaction between dislocations and de-
fects. His background is in the area of micro-mechanics,
and he iswell suited to the tasks.

Dr. Tomas de la Rubia heads the LLNL team. The
interaction between UCLA and LLNL comes naturally,
because of the complementary nature of expertise between
the two groups. Theteam at LLNL has extensive exper-
tise in Molecular Dynamics (MD), while the team at
UCLA isfocusing mainly on 3-D Dislocation Dynamics.
Dr. de la Rubia’s group has been performing MD calcu-
lations for dislocation-defect interactions and for the
migration of small-coupled crowdionsin Fe. Theresearch
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is complementary, because MD simulations can investi-
gate defect behavior close to the dislocation core, where
elasticity breaks down.

Significant Research Results

Representation of dislocation |oops by parametric equa-
tions, coupled with afast integration techniquefor field vari-
ables asline integrals, appear to have a number of potential
advantages. These are summarized as:

» A complex dislocation loop (e.g., during the opera-
tion of aFrank-Read source, or during the process of
cross-slip for non-planar loops) can be represented
by arelatively few number of curved segments. The
Peach-Koehler force resulting from the interaction
of one loop with another can thus be numerically
computed as afast summation over those few curved
segments. This can be quite advantageous in 3-D
Dislocation Dynamics, because the force computa-
tion is proportional to the square of the number of
segments. Thus, areduction of two orders of magni-
tude in the number of segments will result in a four
order-of-magnitude reduction in force calculations.

» Because of the high accuracy of curvature represen-
tation in the present method, the computation of self-
forces and self-energies of individual segments
within one loop is inherently accurate.

» When the P-K force and other elastic field quantities
are required at distances greater than approximately
1/20-1/10 of aloop diameter from its core, very use-
ful approximations of theloop can be advantageously
used within the current line integral context. Thus,
planar circles can readily approximate the core of
small irregular loops, while dipolar loops can be
treated as elongated ellipse, etc.

« Although two nodes bound each segment, the dislo-
cation core is described by a continuous curve in-
between. Thus, the segment has an infinite number
of degrees of freedom. This particular aspect can be
quite significant in avariational development of the
equations of motion (see Ghoniem, 1998)). Other
formulations of the equations of motion of straight
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segments use an averaging scheme for force variations
on the segment. Thus, when the segment islong, av-
eraging of the P-K force at a central nodal position be-
comes less accurate.

« Since the dislocation loop is continuously described by
a set of curves, updating the loop shape in Dislocation
Dynamics can utilize the existence of such “ shapefunc-
tions.” Theneedto artificially impose connectivity con-
ditions where the straight pieces do not fit with one an-
other upon updating the positions of their central nodes
isthus dleviated.

Coupled dynamic crowdions produced by collision
cascades have been shown to migrate at very low ener-
gies, on the order of 0.001-0.01 eV in Fe crystals. Once
they migrate in one dimension, they interact with grown-
in dislocations by elastic forces. We have studied the
nature of thisinteraction in order that the conditions for
locking grown-in dislocations can be clarified. In addi-
tion, we embarked on ajoint effort with LLNL and RISO
Materials Research Group (Denmark) to study the vari-
ous factors, which lead to decoration of grown-in dislo-
cations, and to the eventual absorption into the core re-
gion of such dislocations. This question is ultimately
important to determine the onset conditions of disloca-
tion channel formation in BCC metals. The findings of
our work have been reported in the Workshop on the “ Fun-
damental Differences Between FCC, BCC and HCP Met-
als,” which was held in Congas de Onis, Spain, during
the period: October 13-21, 1998. Our findings are sum-
marized in the following:

e The “Dilatation Center Approximation” for the in-
teraction of clusters is not adequate. It is weak by
more than a factor of two and does not show the in-
fluence of cluster orientations.

36 M ATERTIATLS

RESEARTCH |

* Interaction energy surfaces around dlip loops show a
significant dependence on cluster orientations.

Four independent cluster orientations have been iden-
tified. The capture zone size at room temperature is
~ 10 nm for each one.

» Cluster mobility on crystallographic planesisconstrained
by their orientation on glide cylinders.

 Gliding clusters will be trapped below and above the
dlip plane. Maximum trapping occursfor near edge com-
ponents, decreasing to zero near screw components.

» Trapped clusters will not get absorbed into slip loops,
unless additional rotational work isdoneto changetheir
BV orientation.

» Absorption zone for clusters is much smaller than the
trapping zone, and is~ 3 nm.

 Clusters produced from cascades in FCC crystals are
generally sessile, because of dissociation into partials
bound by stacking faults.

» The capture zone sizein Cu islarger than in Fe, and
is~20nm at RT.

» The absorption zone sizein Cuis~ 6 nm at RT.

» The temperature dependence of the capture zone in Cu
isstronger thanin Fe. The zone decreases by afactor of
two from RT up to Tm/2.

» Conversion from Sessile to Glissile Clusters in FCC

may occur only within ~ 6-10 nm away from the core of
slip loopsin Cu.
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Elastic Constantsof Ta at High Pressures
and Temperatures Deter mined by Stress- and Angle-Resolved
Synchrotron X-Ray Diffraction in a Diamond-Anvil Cell

LLNL Principal I nvestigators: Hyunchae Cynn, Choong-shik Yoo
University Collaborators: Professor Yogi Gupta, Wash. S. Univ.; Professor Don Issak, UC-Los Angeles

The elastic moduli C”. of crystalline solids are of value
for a wide range of important problems relevant to solid-
state physics and geophysics. The Cij’s provide fundamen-
tal information pertaining to interatomic potentials and are,
therefore, essential parameters for guiding theoretical con-
struction of exotic novel materials like low- compressible
solids. Elastic moduli also provide information about
macroscopic behavior, the bulk and shear modulus, and are
required for a complete understanding of the thermoelastic
properties of materials. Especially in geophysical applica
tions, information on the elastic properties is essential for
determining accurate equations of state and for computing
the compressional and shear-wave velocities. Such infor-
mation isfundamental to our understanding of the composi-
tion, structure, thermal properties, and evolution of the Earth.

We have devel oped a new experimental technique—
a Stress and Angle-resolved X-ray diffraction (SAX; Fig-
ure 1), which is parallel to Stress and Energy-dispersive
X-ray diffraction (SEX; Singh et al., 1998). The SAX
utilizes amonochromatic synchrotron and an image plate
detector. This combination allows a fixed geometry of a
diamond-anvil cell (DAC) on the contrary to the SEX
method, which requires rotation of a DAC.

Thelattice strain of Tawas measured over 1 Mbar from
auniaxialy compressed Tasample supported by x-ray trans-
parent gaskets. From the elliptically distorted x-ray pow-
der diffraction patterns due to microscopic deviatoric
stresses acting on each diffraction plane, and the knowl-
edge of macroscopic stress obtained from the yield
strength measurements and compressibility, the elastic
constants C,, C,,, and C,, for the bcc Ta were estimated
as afunction of pressure. The resultsindicate qualitative
agreements with theory and the existing strength model.

As for the complimentary measurements, we have
measured i sothermal compressibility of Tanear to 2 Mbar
(Figure 2) and the accurately confined pressure deriva-
tive of the compressibility of Ta places the equation of
state of Ta to be the most precise pressure standard for
static experiments using a diamond-anvil cell (Cynn and
Yo00). We have also measured in situ thickness of uniaxi-
ally compressed Tapowder in cylindrical shape asafunc-
tion of pressure to understand lattice strain and macro-
scopic plastic deformation. In order for this measurement,
we used a submicron size synchrotron radiation at 10 keV
(ALS) to measure x-ray absorption to reconstruct the
sample dimension using tomographic image.

Imaging Plate
Polycrystalline ]
Sample o Diamond-
3 Anvil
Monochromatic
X-ray From SSRL
0, — B
—
Collimator N
Begasket T Extern@erencs
o, \
Diamond-
Anvil

Figure 1. Schematic drawing of SAX experiments.
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Yield strength of Tawas al so directly measured by mea-
suring x-ray absorption, which providesthickness and mea-
suring volume compression. The latter provides the accu-
rate pressure gradients. The direct absorption measurements
yield better estimates of the thickness of the sample than
other methods like estimating from a decompressed gasket
using an equation of state.

References

1. Singh, A., Mao, H., Shu, J. and Hemley, R., “Estima-
tion of Single-crystal Elastic Moduli from Polycrystal-
line X-ray Diffraction at High Pressure L Application
to FeO and Iron”, PRL, 80, 1998.

2. Cynn, H. and Yoo, C., “Equation of State of Tantalum
to 174 GPa’, PRB, 59, 1999.
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Extreme States of Matter on Nova

LLNL Principal I nvestigators: Bruce A. Remington, Dan Kalantar

University Collaborators: Professor Justin Wark, Univ. of Oxford,;
Professor Marc Meyer, UC-San Diego; Professor Tom Boehly, Univ. of Rochester

Students: Andrew Loveridge, Adrian Allen, Univ. of Oxford

We have developed dynamic diffraction experimentsto
diagnose shocked solid-state lattices on intense lasers such
as the Nova and Trident lasers. This was in collaboration
with UC-San Diego, Univ. of Oxford, and Los Alamos Na-
tional Laboratory. During this period, we have developed
successful dynamic diffraction experiments on (111) and
(400) Silicon lattices, both on the Novalaser and on the Tri-
dent laser. We also developed simultaneous transmission
Bragg diffraction measurements off orthogonal |attice planes,
to look for evidence of the transition to 3-D. No evidence
for lateral lattice adjustment was observed for (400) Si, which
isatheoretical puzzle still under active investigation.

These experiments have received high visibility, with
several publications and 16 conference presentations, sev-
eral of which wereinvited talks.

In anticipation of the closing of the Nova laser, we
have successfully proposed transferring these dynamic
diffraction experiments to the Omega laser at the Univ.
of Rochester under the NLUF Program and will continue
using the Trident laser at LANL.

The goal of this endeavor was to technically assess
whether dynamic diffraction could be developed into a
robust diagnostic of solid-state | attices under shock load-
ing. Successful observation of shock-compressed |attices
in the direction of shock propagation in Si have been
observed. Development of a diagnostic to observe the
transition to 3-D is ongoing, with this work continuing
on the Omega and Trident lasers.
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Figure 1. Diffraction from orthogonal lattice planes shows compression is uni-axial when shocked along the (400) direction

at 115-135 kbar.
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New Theoretical Framework for Computing
Positron Annihilation Characteristics

UC Principal Investigator: Philip A. Serne, UC-Davis
UC Co-Investigator: Professor Barry M. Klein, UC-Davis
LLNL Co-Investigator: Richard H. Howell
Student: John E. Pask, UC-Davis

Introduction

Lawrence Livermore National Laboratory has an active
research effort in positron annihilation spectroscopy. Theo-
retical calculations of positron observables such as positron
distributions and lifetimes are essential for interpreting
positron experimental data. In the past, a program written
by the Pl was used for calculating positron observables in
materials, but that program isnot suitablefor very large sys-
tems or for systems with very open structures like zeolites,
fullerenes, and energetic materials like TATB. The goal of
this project wasto devel op anew computer program for cal-
culating positron lifetimes and distributionsin material sthat
could be applied to very large systems and to both open-and
close-packed geometries. This new computer program has
been successfully developed and tested during this funding
period and isnow an established tool for calculating positron
lifetimes at the LLNL Positron Facility.

Research

The Finite Element (FE) approach is widely used to
solve general differential equations for arbitrary geom-
etries in engineering and other applications. There have
been relatively few FE applications to the solution of the
Schrodinger equation in materials, but the success of the
FE approach in other applications suggested that it could
provide afull-potential electronic structure method with
favorable scaling properties and no restriction on the unit
cell geometry. The solution of the Schrodinger equation
lies at the heart of both positron and electron calcula-
tions, so our intention isto develop a FE electronic struc-
ture program that can solve both electron and positron
problems. In the past year we have made significant
progressinthisdirection. The new positron programisa
significant milestone in this work and it addresses an
immediate need for large-scale calculationsin the LLNL
Positron Facility.

We solved a number of technical issuesin develop-
ing this positron program. First, we formulated the
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mathematical approach required to solve the Schrodinger
equation for a Bloch-periodic system within a FE approach
and implemented thisapproach inacomputer program. This
program was tested by calculating electron bandstructures
for an analytically solvable 3-D periodic Kronig-Penney
model and an empirical Si pseudopotential. Thesetestscon-
firmed the accuracy of the method and the validity of the
mathematical approach and also demonstrated the variational
nature of the solution, asignificant advantage of thisapproach
over other real-space methods.

The second challenge was to develop a general ap-
proach for providing an input positron potential for the cal-
culations. This was addressed by developing a computer
program to compute the charge density and potential at any
point in the unit cell based on overlapping atomic calcula-
tions. Thisprogram has been tested extensively for positron
potentials and will also be used in the coming year to gen-
erate initial electron potentials when we incorporate elec-
tron-charge self-consistency. The positron program cur-
rently does not take any charge density relaxation into ac-
count, and this, together with theoretical uncertainties in
the electron-positron interactions, is the most significant
limitation of the current approach.

Given an input potential, the FE method solves for the
positron wavefunction. This, in turn, provides observables
such as the positron distribution in the unit cell and the
positron lifetime. We have validated our method by calcu-
lating the positron lifetime for 23 elemental metalsand have
obtained excellent agreement with both previous cal culations
and experimental data. Similar agreement was found for
cal culations on monovacanciesin metals. The monovacancy
calculations depend on the size of the periodic supercell used
tomodel an isolated vacancy. We were ableto go to unprec-
edented supercell sizeswith thisnew method. Our previous
positron computer program was limited to a maximum of
about 150 atomsin the unit cell, but with the FE program we
successfully calculated the positron lifetime and distribution
in a much larger 863-atom supercell. Even larger calcula
tions are feasible, and we plan to use this program in the
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coming year to calculate positron lifetimes in dislocations
in metals. This will require calculations on systems of
1000-5000 atoms.

Having validated the lifetime calculations in this ap-
proach, we computed lifetimes for anumber of materials of
immediate interest to LLNL. Calculations for bulk Pu and
He-filled vacancies in Pu agreed with our previous calcula
tions and confirmed previous interpretations of experimen-
tal lifetime measurements on aged Pu samples. Calculations
on someinsulator systems, including the scintillator crystal
BaF, and the energetic material TATB, yielded different life-
time values, probably due to the limitations of the overlap-
ping atomic approach, which we will address in the coming
year. These calculations also indicated that the physical de-
scription of positrons in these systems may need to be
amended to account for positronium formation, providing a
significant theoretical challengefor the positron community.

The newly developed FE approach is able to provide
positron distributions in real space, a significant advantage
over our previous method. We illustrated this with calcula-
tions on potassium-doped fullerenes, where we could fol-
low the positron redistribution in the unit cell duetoincreas-
ing potassium doping. A 3-D representation of the positron
distribution in pure C is shown in figure 1.

Two papers have been submitted for publication based
on thisyear’swork:

1. A Real-Space Local Polynomial Basis for Solid-Sate
Electronic-Structure Calculations: A Finite-Element
Approach, J. E. Pask, B. M. Klein, C. Y. Fong, and P. A.
Sterne, submitted to Phys. Rev. B.

2. Calculation of Positron Observables Using a Finite-
Element-Based Approach, P. A. Sterne, J. E. Pask, and
B. M. Klein, submitted to Applied Surface Science.

In addition, presentations were given in talks at the
APS March Meeting in Los Angeles and the SLOPOS-8
international workshop in Cape Town, South Africa, in
September. A poster was presented at the Electronic
Structure 1998 Conference in Philadelphiain May. The
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student, John Pask, also took part in a parallel comput-
ing workshop in San Diego in August where he presented
some of thiswork as part of a group presentation on ap-
plications for parallel computers.

ol Figure 1. Positron distribution in
crystalline C. For clarity, only
the face-centered C, molecules
are shown; the cell-corner
fullerene molecules are indicated
asgray atoms. Note the positron
charge buildup, represented as a
shaded cloud, at the octahedral
positionsin the cell center and
the edge centers.

Campus-LLNL Collaboration

This project involves a vigorous collaboration be-
tween LLNL and UC-Davis. John Pask, the student most
directly involved in thiswork, has visited the L aboratory
for two days aweek regularly since June 1998. Prior to
this, he made occasional visits to meet with LLNL per-
sonnel, including attendance at a Positron Workshop
hosted by the Materials Research Institute in November
1997. His main contacts at LLNL have been with H-
Division personnel because of the PI’s close connections
with that Division, but he has al so recently interacted with
personnel from the Center for Applied Scientific Com-
puting (CASC) in the Computations Directorate. Future
interactions with both of these divisionswill be very help-
ful for the further development of the computer program
for positron calculations.

Materials Research Institute

The MRI has provided an office for the student, John
Pask, and another UC-Davis student, Gus Hart, when they
visit LLNL for two days aweek. This has been extremely
valuable, both directly to the current project and indirectly
totheintellectual vitality of the Laboratory and the I nstitute.
They have both benefited from their frequent visits to the
Laboratory through exposure to awider range of materials-
related and computational issues, and their interactionswith
other personnel have certainly been of benefit to LLNL.
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Optically-Induced Structural Changesin Materials

UC Principal I nvestigator: Professor Roger E. Falcone, UC-Berkeley
LLNL Principal Investigator: Troy W. Barbee, 111
Student: Aaron Lindenburg, UC-Berkeley

We are studying the structural changes that can be
induced in crystalline material s by the optical excitation
of carriers. In particular, short laser pulses can excite
several percent of the bonding electrons in semiconduc-
tor crystals into the conduction band. This should result
in arapid phase transition, either to the amorphous state
or to other (transient or metastable) structures. These
phase transitions should be observable using newly de-
veloped, time-resolved x-ray scattering techniques.

Time-resolved x-ray scattering can be used to char-
acterize rapidly evolving materials, where laser heated
material can undergo rapid phase transitions (such asdis-
ordering, melting, cutting, or vaporization) and plasma
dynamics (such as rapid ionization and hydrodynamic
expansion). Dynamics of dense materials can be charac-
terized by deeply probing x-rays in diffraction or other
scattering techniques, such as EXAFS and other absorp-
tion measurements. The required, minimum time resol u-
tion for such experiments can be bounded by either the
fundamental vibrational period of atomsinacrystal (0.1 ps)
or the characteristic time scale of hydrodynamic expansion,
often given by the optical skin depth (10 nm) divided by the
sound speed (100 nm/ps) in aplasma (again, 0.1 ps).

We have developed a beamline at the Advanced Light
Source (ALS) synchrotron at Lawrence Berkeley National
Laboratory for time-resolved x-ray diffraction studies. The
set-pt utilizes a synchrotron radiation x-ray source from a
bending magnet beamline at the AL S. The bending magnet
at beamline 10.3.2 emits a broad spectrum of x-ray radia-
tion, extending to a useful photon energy of about 12 KeV.
X-raysare monochromatized and focused using abent crys-
tal. A Ti:AlLO,-based | aser system produced pulseswith du-
ration of about 100 fs at a repetition rate of 1 KHz; it has
been synchronized to the x-rays from the electron storage
ring. The delay between the laser and the x-ray pulse can be
varied using an optical delay line in the laser beam path.
The laser and x-ray beams are focused on a sample, which
is mounted on a goniometric cradle and has a resolution
and unidirectional repeatability of 5 mrad. Diffracted x-rays
are detected by an x-ray-sensitive avalanche photodiode
(APD) or streak-camera detector.
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Synchrotron pulses are an excellent source for prob-
ing materials. With good collimation, a pulsed time struc-
ture, and uniform spectral intensity, the synchrotron pro-
vides a laser-like probe for experiments. For example,
we detect 10,000 photons in a single x-ray diffraction
spot from asilicon crystal at 5 KeV ina 70 ps pulse. The
collimation is sub-millirad and the fractional bandwidth
is 10 The laser system (with pulses extending down to
100 fs) is synchronized to the synchrotron x-ray pulses,
from single shot to a maximum repetition rate of 1 KHz.
We can therefore heat material using the laser and subse-
quently probe its structure or absorption spectrum.

We are using time-resolved x-ray diffraction to study
dynamics of radiation-heated materials. The properties
of crystals following irradiation with ultrashort pulse la-
sers had been studied for nearly two decades. One moti-
vation for this work has been the determination of the
mechanism of ultra-fast disordering (melting) and other
phase transitions, a still unsolved problem. Pump-probe
techniques have generally been employed. On ultra-fast
timescales (< 1 ps), these studies have involved time-re-
solved reflectivity and second-harmonic generation of
optical light pulses. On longer timescales (> 1 psto 10 ns),
electron diffraction from surfaces and x-ray diffraction
have provided additional insight into relevant phenom-
ena, including thermal melting, shock propagation, heat
diffusion, crystal regrowth, and annealing. These studies
are not definitive since they (1) are limited by the rap-
idly changing optical properties of laser heated material,
and (2) don't probe the structure of the material at the
atomic (core) level. X-ray diffraction will allow use to
probe the regularity of the lattice and thus determine ac-
curately the order (or lack of order) of the illuminated
material on arapid time scale.

Theoretical studies’ have suggested that excitation of
10% of thevaencee ectronsin crystalsshould result in struc-
tura instability, which gives rise to a transition into a new
ordered phase. Shown in Figure 1, calculations by Dr. Troy
BarbeeIll show astructural instability in crystalline sili-
con is predicted when approximately 10% of the elec-
trons are excited into the conduction band, a number that
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we can approach using femtosecond laser excitation. It
isthis effect that we hope to measure in our experiments.
In additional work, we plan to look for new transient or
metastabl e structures, which would be manifested by new
diffraction peaks.

We have previously demonstrated 2 ps resolution
using both streak camera detection and cross-correlation
measurements in preliminary work on Xx-ray scattering.
In work covered under this proposal, we will employ a
UC-Berkeley graduate student to apply the time-resolved
x-ray technology to the specific measurement of the dis-
ordering time of laser-illuminated crystalsusing theALS
beamline, and compare these measurements to calcula-
tions on laser-illuminated materials calculated by Troy
Barbee at LLNL.

The Synchrotron Beamline

The x-ray beamline, the synchronized laser system,
spectrometers, and time-resolved detectorsareall in place
at the ALS. This beamline was funded through support
of the ALS and a NSF Academic Research Infrastructure
grant funded in 1996. The beamline is currently focused
on studies of time-resolved x-ray diffraction of melting
solids under the direction of the PI, Professor Roger
Falcone. The beamline operates 24 hours per day, 5 days
per week, and isnot fully utilized; thereis nominally 10%
time available for the proposed experiments over the pro-
posed grant period.

The ALS bending magnet beamline (designated
10.3.2) emits a broad spectrum of radiation with an aver-
age power of 50 W, extending from the visible to about
12 KeV with the electron energy in the ring of 1.9 GeV.
Experiments can be performed with the ALS operating
in a double-bunch mode, for which the average electron
beam current is 40 mA and the light pulse repetition rate
is 3 MHz. Alternatively, thering is operated in a“cam-
shaft” mode with a single, circulating 20 mA electron
pulse (yielding high-power light pulses at arepetition rate
of 1.5 MHZz), followed by a series of 288 low-current
pulsesyielding light with an effective burst repetition rate
of 500 MHz. The divergence of the synchrotron beam is
about 0.3 mrad (vertical) and the experiment is contained
in a shielded hutch 30 m from the ring. Broadband radia-
tion is dispersed by either crystals or spectrographs, de-
pending on the spectral region of interest. In order to
maximize the signal seen by the detector and focus the
x-ray light, bent crystals or curved grazing mirrors are
employed for light collection. We observe several thousand
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Figure 1. First principles calculations of the phonon
frequency squared, w?, as a function of the fraction of
electrons excited into the conduction band, are shown for
the transver se acoustic L-point phonon (g = 1t/a (111)) in
silicon. When 10% of the electrons have been excited into
conduction band, a structural instability occurs; thisis
indicated by w? < 0. (The dashed lineis a guide for the eye.)

photons per 100-ps pulse, in a fractional bandwidth of
104, in virtually al regions of the spectrum, which is
sufficient for well-resolved absorption spectroscopy. We
are currently installing a 70-cm long, 5-cm wide, high-
quality grazing (toroidal) mirror to produce a 200 pm x-ray
spot in the experimental hutch, a one-to-one image of
the emission from the electron bunch in the storage ring.
The mirror has a spectral bandwidth extending up to 12
KeV and is expected to increase collected light levels by
afactor of 10 to 100.

The 800-nm laser system consists of aTi:AlLO, laser
oscillator pumped by a frequency-doubled Nd-laser and
aTi:Al O, regenerative amplifier system operating at a
repetition rate of up to 1 KHz. The pulse duration is ap-
proximately 100 fs, and the pulse energy is about 1 mJ.
Alternatively, the laser can be operated at pulsed ener-
gies of up to 100 mJ in single-shot mode, more than
enough to heat sample foils to plasma condition. Syn-
chronization of the laser pulses with the synchrotron
pulses is achieved by locking the laser-oscillator repeti-
tion frequency (set by the oscillator cavity length) to the
master clock of the ALS. Thejitter between the laser and
the synchrotron pulsesis less than 5 ps. Using the x-ray
streak camera we can detect single synchrotron pulses.
The resulting initial measurements of the AL S pulse du-
ration, using dispersed light from a crystal, show the ex-
pected 80 ps pulse from the storage ring.
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Study of the Role of Coherent Phonons and Shock Waves on Ener gy
Transfer Processesin Femtosecond L aser-Induced M elting of Solids

UC Principal I nvestigator: Professor Harry W. K. Tom, UC-Riverside
LLNL Principal I nvestigator: Choong-shik Yoo
Post-Dac: Hong-Bing Jiang, UC-Riverside
Students: Hidong Kwok, Jingyan Guo, UC-Riverside

The Goal of MRI-Funded Work

The goal of the MRI-funded work was to study the in-
terplay between coherent phonons and hot electrons in
femtosecond laser-induced disorder and melting processes
in semiconductors. Thekey question is: how can energy be
rapidly transferred from the hot electrons to atomic motion
to enable the lattice to disorder in only 100 fs after the laser
pulse? This short timefor disorder isinconsistent with typi-
cal electron-phonon energy relaxation rates. We specifically
examine whether or not the creation of coherent longitudi-
nal (LO)-phonons under femtosecond laser irradiation en-
hanced the electron-phonon energy exchange rate or en-
hanced pressure-induced or pressure-enhanced disorder pro-
cesses. Studiesarerelevant and complementary to high-pres-
sure studies of materials, especially studiesby the LLNL PI
on laser-heating and processing materials under static
high pressure.

Summary of Results

We madetwo significant experimental observations: (1)
observation of coherent L O-phonon-hole plasmon-coupled
oscillations at the native oxide-covered GaA s(110) interface
under femtosecond laser irradiation, and (2) femtosecond
laser-induced damage of the GaAs(110)-relaxed (1X1) sur-
face. Thefirst wasdelivered asacontributed oral talk at the
March 1998 APS meeting in Los Angeles, CA, by student
K. C. Chou. Numerica analysisis being performed before
publication. The second result has recently been submitted
for publication in Physical Review Letters. All work was
performed at UC-Riversidein the UC PI’slaboratory. MRI
funds were used for partia support for two graduate stu-
dents, (Hidong Kwak and Keng Chang Chou) and for
postdoctoral researcher Hongbing Jiang. Additional funds
were obtained from NSF contract CHE-9707143.

Result #1: Technical accomplishment

We conducted time-resolved second-harmonic-genera-
tion (SHG) studies of the GaAs(110)-native oxide interface
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under conditions of intense femtosecond laser irradiation.
The experimental setup and basic idea is described in our
publication on coherent phonons on the (1X 1) reconstructed
surface of GaAs(110) in ultrahigh vacuum,® and at the
GaAs(100)-native oxide surface.? The basic ideaisthat car-
riers injected by the femtosecond pump laser pulse rapidly
screen the static depletion field. The lattice, which isini-
tially strained by the piezoelectric effect, is then suddenly
allowed to oscillate about itslow-field equilibrium position.
Themotion of thelatticeis called coherent phonons because
all modes of low k-vector are excited in temporal phase, be-
having asasinglelarge amplitude phonon oscillation. |ppen®
and Kurz* have pioneered the use of coherent phonons to
study carrier-phonon interactionsin bulk matter. In n-doped
GaAs, the surface depletion field drives holes to the surface
and electronsinto the bulk. The coherent L O-phonon oscil-
lation at the bulk LO-phonon frequency (8.8 THz) and the
L O-phonon-electron plasmon- coupled mode frequency (var-
iesfrom 7.5t0 8.0 THz asafunction of electron density) has
been detected in time-resolved linear reflectivity by cowork-
ers of Kurz.® Here we use time-resolved SHG (the SHG
from atime-delayed probe pul se overlapping the excited re-
gion) to probe the bulk LO-phonon oscillations in the top-
most ~100 Angstroms of the interface where thereisahigh-
density hole plasma.

In Figure 1, we show a typical time-resolved SHG
signal vs. time delay between the arrival of the pump pulse
(initiating the coherent phonon) and the probe pulse. The
fundamental laser wavelength is 850 nm, and the SH is
at 425 nm. SHG is interface sensitive due to dipole se-
lection rules, nonlinear optical phase matching, and the
absorption of the SH photons in bulk GaAs. An abrupt
change at delay time ~0 is due to the injection of carriers
and rapid field screening.

The oscillations, which are about 1% of thetotal SHG
and 10% of the pump-induced changein SHG, are dueto
coherent phonon oscillations. The background is sub-
tracted in the time domain, giving the rapidly varying
oscillations in the left inset. The SH radiation is driven
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Figure 1. Pump-induced changein SHG vs. delay time from
GaAs. Left inset shows SH oscillations after removing slowly
varying SH background. Right inset shows Fourier power
spectrum of oscillatory, SH data in left inset.

by the nonlinear polarization, which variesin time as:

2 N
P(200t) = X7 (269 + X f’éz"’) 020 Q) + XPEpcty | E()E(@),
g

where the first term isthe usual second-order susceptibility,
the second term is the change in the second-order suscepti-
bility due to lattice displacement Q(t) through the hyper-
Raman susceptibility, and the third term is the DC field-
induced SH susceptibility that will vary in time as the DC
field changes. The DC field and the | attice displacement are
related through the piezoel ectric effect. After the pump pulse,
coherent excitation of the LO phonon follows free-induc-
tion decay, i.e., Q(t) = Q, cos (oopht +@), whereQ,, W, and @
aretheinitial amplitude, frequency and phase of the coher-
ent oscillation. E(t) will have similar time dependence.
We fit the data by iteratively fitting the time-domain data
and the Fourier transform (frequency domain) of the time-
domain data. It is easiest to display the Fourier transform
(right inset). The phonon power spectrum is shown in Fig-
ure 2 for various injected carrier densities.

We see three features in the spectrum: bare LO phonon
(v ,=8.76 THz), a very small-amplitude L O-phonon-elec-
tron plasmon coupled mode (v < v, = 8.02 THz), and LO-
phonon-hole plasmon-coupled mode (8.0 < v < 8.8 TH2).
Thefirst two are well characterized in previouswork.*®> We
concentrate here on the L O-phonon-hole plasmon-coupled
mode. The LO-phonon and plasma-coupled mode frequen-
cies are at the zeroes of the dielectric constant given by:

2
_ Wy, + wLO_("’?O
W' *iy,w Wi +iyow- &

gw)=¢ 1
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Figure 2. Fourier power spectrum of coherent phonons on
GaAs(110)-native oxide interface for various injected carrier
densities.

2 _ 4Tﬂh€2
The hole plasma frequency is @h = —mﬁ , Wheren,
X

and m’ﬁ = 0.34m_are the hole density and effective mass

for holes, and e = 10.9. w4 ., arethelongitudinal
optical and transverse optical phonon angular frequen-
cies. We may use well known values of v = 8.76 THz
andv_, = 8.02 THz in the last term. Wan and Young,®
measured the LO phonon-hole plasmon-coupled mode
frequencies using Raman scattering in a series of bulk
p-doped GaAs samples. They fit their datausingy, ,=

0.15THz, andy, = 15 THz.

Detailed analysis is complicated by the spatial pro-
file of the holes, which varies as a function of depth. In
addition, the phonon amplitude is largest at the surface
and drops almost to zero at the end of the depletion zone.
We are currently modeling the results. However, we can
note immediately that the highest 3 injected carrier den-
sities give essentially the same result, thusindicating that
the field is completely screened and no additional holes
are accelerated to the surface. The n-doping is nomi-
nally 1.5 x 10%*¥/cm?, so thisisareasonable result. At 1.8
x 10%/cm® injected density, the injected carriers are just
able to fully screen the field. At 1 x 10%/cm? injected
density, the field is not fully screened. Diffusion pre-
ventsthe carriersfrom making an infinitely dense plasma
at the surface. On the basis of the L O-phonon-hole plas-
mon-coupled mode frequency, we can estimate the peak
density to be 6 x 10%*%/cm? and the width to be about 1/6
the distance of the depletion region (260 Angstrom),
which would be 43 Angstrom.
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Result #1: Relevance to MRI-funded research goal

As we increased the laser intensity, we found that
even at 10 times below the damage threshold there is
strong coupling between the laser-injected hole plasma
and the LO phonons at the surface. This means that the
electron energy transfer rate is indeed larger than con-
sidered in the usual single-electron single-phonon scat-
tering mechanism even at 10 times below the damage
threshold. The coherent lattice motion produces a mac-
roscopic polarization, which drives the carriers toward
and away from the surface at the phonon frequency. This
interaction reheats the holes (by reversing their direction)
and thus allows holes to repeatedly scatter with phonons.
The incoherent lattice motion will then heat up faster than
expected from incoherent electron-phonon scattering. In
addition to recovery of the piezoel ectric energy of the deple-
tion region, the depletion field itself drives carriers to high
velocities, which can scatter with LO phonons efficiently.
Finally, therestoring forcefor thelatticeis changed by about
10% from 8.8 to 8.0 THz, so the barrier to disorder must be
lowered by 20% (spring constant is proportional to square
of frequency) accordingly. Femtosecond meltingisstill likely
to be driven by high carrier density, lowering the barrier to
disorder; however, coherent phonon excitation and plasmon-
phonon coupling must play a significant role by reducing
the barrier itself and by heating the lattice so it can more
easily overcome the barrier.

Result #1: General scientific impact of this work

The impact on laser-heating and laser-processing of
materials is that in addition to carrier-phonon interaction,
one must also consider the effect of photo-injected carriers,
carrier screening, and plasmon coupling, which can both heat
the lattice motion and soften or weaken bonding energies
and thereby lower barriers to reaction and phase transition.
The dynamics of femtosecond laser-induced processing and
phase transitions must take into account all sources of en-
ergy transfer.

This is the first nondestructive optical technique that
can directly measure the hole density at the surface. The
depletionfield at the surface of n-type semiconductorsdrives
holes to the surface, and typically one calculates this den-
sity because there are no nondestructive and time-resolved
techniquesthat can measure the density right at the surface.
These calculations are problematic as transport parameters
such asmohility, diffusion constant, and recombination rates
are not understood in the presence of high carrier density or
high field. Linear reflectivity measures the average carrier
density over the optical penetration depth, which can be
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1000's of Angstrom. This experiment is performed with
time-resolved second-harmonic generation and is most
sensitive to the topmost 100 Angstrom. Because of the
phonon-plasmon-coupled frequency, however, we have
acalibrated measurement of the surface hole density. We
use the measured phonon-plasmon-coupled mode fre-
quenciesin bulk p-doped semiconductorsto calibrate our
measurement. Thisistherefore anondestructive time-re-
solved and independently calibrated technique for mea-
suring hole densities near interfaces. We point out that
this is the first time-resolved measurement of transient
hole density profiles at surfaces and may have applica-
tions in the future related to semiconductor device ge-
ometries. We are currently studying transport in the
depletion layers using numerical simulations and plan to
use our measurements to deduce transport models and
parameters in the high-field and high-hole-density lim-
its. The latter are poorly understood despite their obvi-
ous importance in semiconductor devices.

This work is generally relevant to all ultra-fast la-
ser-induced phenomena, showing clearly that energy
transfer isvery different when systems are far from equi-
librium. For non-equilibrium systems, the individual dy-
namics must be included in any analysis of the energy
transfer process. In the regime studied here, the detailed
non-thermal distribution of both electrons and phonons
effects the electron-phonon coupling.

Result #1: Relevance to other LLNL work

These studies are potentially relevant to theoretical
studies of the carrier dynamics during intense laser heat-
ing and dielectric breakdown and are the study of solid
density plasmas.

Result #2: Technical accomplishment

The second phenomena observed is femtosecond la-
ser-induced surface damage induced by long-term expo-
sure (10%) to laser pulses at 1000 times less fluence than
the single-shot damage threshold. We observed the reac-
tion rate occur on the surface using time-resolved sec-
ond-harmonic generation. We show below the SHG from
the GaA s(110)-relaxed (1 x 1) reconstructed surface asit
is continuously irradiated for several 1000 seconds. The
laser train consists of 25 fspulsesat 860 nm, and the sample
is n-doped with 1.5 x 10®%/cm® Si. In panel A, the SHG is
shown for 16 different fluences. In panel B, areaction rate,
k(F), is deduced as a function of fluence. The decay rate
constant, k(F), is fit with a 6" order polynomial in F and
deconvolution of the Gaussian intensity profile of the laser
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beam fromthedata. Thefit resultsgive
thedashedlinesin panel A. Thecrosses
in panel B show the peak fluences in
the experimental data of panel A.

We know that the change in SH
isdueto surface disorder and not bulk
disorder, surface morphological dam-
age, or chemical reaction. The sur-
face-phonon spectrum is obtained us-
ing the technique of coherent surface
phonon using time-resolved SHG.!
The data show that the bulk LO
phonon feature at 8.8 THz is un-
changed during the damage process,
and only the surface phonon peaks
from 6.5-8.3 THz are modified (de-
creased) during damage. The surface
reconstruction is fully restored with
thermal annealing at 5800C which is
also the temperature for annealing the
surface under light argon sputtering.
This suggests that the damageis con-
fined to the 2-3 atomic layers of the
reconstructed surface, but consists of
more significant damagethanjust dis-
order or diffusion of the atoms.

We propose a new mechanism for
damagein which fluctuationsin the sub-
damage threshold surface hole density
create local regionsof sufficiently high
hole density to lower the potential bar-
rier to disorder to ~k T. The potential
barrier is reduced locally by similar
physics in which femtosecond laser
melting occurs globally. Thisis avery
different mechanism from all existing
proposed mechanisms of surface photo-
reaction in which laser light creates ex-
cited electronic systems that transfer
energy to atomic motion and thereby
heat atoms that can overcome the po-
tential energy barrier. Using afit of k(F)
to a Poisson distribution about a mean
value of the surface hole density, which
we can estimate by a model based on
the calculated density of states for the
surface dangling bond hole band,” we
find that the nonlinear fluence depen-
dence is explained if we assume that
significant reaction rate requires local
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Figure 3. (A) SH signal vs. time from (1 x 1)-relaxed GaAs(110) during
irradiation by train of 25 fs pulses. Signals with higher amplitude obtained
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Figure 4. (A) Coherent surface optical phonon power spectrum during laser
damage with peak absorbed fluence of 110 pJ/cnm?. (B) Coherent surface
optical phonon power spectrum after annealing at various temperatures. The
spectra were taken at room temperature to allow for the temperature-
dependent optical constants.
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fluctuations on the order of 2.3% occupation fraction.
This number (2.3%) is comparable to the 5% mean den-
sity required for global transformation of the bulk in
femtosecond disorder. Temperature dependence of the
reaction rate gives us a barrier threshold of only 6 meV.
Thisistwo orders of magnitude lower than typical bind-
ing energy barriers and is consistent with our proposed
mechanism in which a rare local fluctuation in the hole
density induces the barrier to drop from ~1 eV to ~k,T
and then the reaction occurs efficiently due to the atomic
motion in the thermal bath.

Result #2: Relevance to MRI-funded research goal

The new physics here is that el ectronic mechanisms
of damage can occur due to fluctuations in the carrier
density. We are used to the ideathat thermal fluctuations
drive chemical reactions; that is, a small fraction of at-
oms moving with high kinetic energy overcome the bar-
rier. But when we consider electronically driven reac-
tions or physical processes, we think in terms of global
transitions. Asin the Peierl’s transition, we think of the
entire lattice becoming unstable at once when the carrier
density exceeds some critical point. Here, the experi-
mental results are consistent with local carrier fluctua-
tions causing a lattice instability (like a Jahn-Teller dis-
tortion around a self-trapped exciton). In this case, we
argue that the datais consistent with about a 2% occupa-
tion density being sufficient for the local lattice instabil-
ity. Even though the average density might be 10 times
lower than that, there is afinite probability of the higher
fluctuation. Thisconcept appliesto the femtosecond bulk
phase transition as well as the surface transition. Elec-
tronically-induced bulk defect formation or damage may
be occurring under femtosecond irradiation at levels far
below the global transition threshold, but have escaped
our notice.

Result #2: General scientific impact of this work

The science is relevant to mechanisms of damage
to material surfaces/interfaces caused by long expo-
sure to low-level pulsed lasers and also energetic el ec-
tron or ion beams. Some particularly interesting ap-
plications are aging of optical component surfaces and
semiconductor devices (for example, electron damage
at the Si-SiO, interface). Because the reaction is pro-
duced under femtosecond laser exposure, and is de-
tected by time-resolved second-harmonic, it may be
possible that the dynamics of this interfacial reaction
could be studied on the femtosecond time scale.
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Result #2: Relevance to other LLNL work

The work isrelevant to LLNL in conjunction with ag-
ing of optical components in the National Ignition Facility
in which operation close to the single-shot damage thresh-
old is contemplated. The work is relevant to all materials
research concerned with aging effects.

Impact of Work on Continuing MRI
Research

First, we answered many of the questions we initially
raised about femtosecond melting. The first result showed
that the phonon heating rate isindeed enhanced by the exci-
tation of coherent phonons and the lattice is indeed hotter
than expected by simply considering only the relaxation of
electrons within the bands. The second project on surface
disorder suggests that electronic disorder can proceed by
creating low-barrier dynamical pathwaysevenlocaly. This
suggests that the “apparent” global threshold may simply
occur when the density of local disorder is sufficiently high
to create stresses in the remaining material to cause global
disorder. This challenges our intuition about the local dy-
namics of this and other surface and bulk phase transitions.

Second, the results suggested that time-resolved stud-
ies of the phase transformation at standard pressure can not
easily distinguish the interplay between pressure-induced
and electronically-induced phase transitions, which was
part of our original goal. Theinterplay between hot elec-
trons and hot lattice motion istoo complex even 10 times
below damage threshold to sort these issues out. We
therefore proposed a different series of experiments for
MRI funding in calendar year 1998-99. We proposed that
we study optical absorption, phase transition dynamics,
and damage threshold of GaAs at different hydrostatic
pressures just below and above a structural phase transi-
tion. The use of pressure to control static deformation of
the electronic bands and the laser intensity to control the
excited electronic density provide a new tool for studies
of thiskind. Presumably just below the phase transition,
the pressure-induced effect will bias the system so a pro-
portionately weaker laser-electronic excitation will drive
a phase transition. By measuring the time-resolved spec-
troscopy of these systems near damage threshold, we hope
to observe the bandgap collapse and recover as afunction of
time. We also hope to distinguish purely electronic from
atomic-rearrangement-induced bandgap collapse. MRI fund-
ing in 1998-99 was approved. Experiments will be carried
out in diamond anvil cells prepared in collaboration with
Choong-shik Yoo.

R EPORT 49



References

N o o A

50

. Chang, Y.-M., Xu, L. and Tom, H. W. K., Phys. Rev. Lett. 78, 4649, 1997.
. Chang, Y.-M., Xu, L. and Tom, H. W. K., “Observation of Coherent Local Optical Phonons Localized at Buried

Interfaces Using Time-Resolved SHG”, to be published in Phys. Rev. B, May 15, 1999.

. (d) Cheng, T. K., Brorson, S. D., Kazeroonian, A. S., Moodera, J. S., Dresselhaus, G., Dresselhaus M. S. and

Ippen, E. P, Appl. Phys. Lett. 57, 1004, 1990; (b) Zeiger, H. J., Vidal, J., Cheng, T. K., Ippen, E. P,
Dresselhaus, G. and Dresselhaus, M. S., Phys. Rev. B45, 768, 1992.

. Cho, G. C., Kutt, W. and Kurz, H., Phys. Rev. Lett. 65, 764, 1990.
. Cho, G. C., Dekorsy, T., Bakker, H. J. and Hovel, R., et al., Phys. Rev. Lett. 77, 4062, 1996.

Wan, K. and Young, J. F., Phys. Rev. B 41, 10772, 1990.

. Honke, R., Fritsch, J. and Pavone, P, et al., Phys. Rev. B 53, 9923, 1996.

M ATERTIATLS RESEARCH I NSTITUTE



METALS/ORGANICS

Synthesis and Properties Modification of
Novel f-electron M aterials by Shock Compaction

UC Principal I nvestigator: Professor M. Brian Maple, UC-San Diego
LLNL Collaborator: WlliamJ. Nellis
Students. Eric Bauer, Ricky Chau, Neil Dilley, UC-San Diego

Abstract

We attempted to synthesize two filled skutterudites,
CeFeP,, and GdFe,P,,, using thelight-gasgunat LLNL with
shock pressures of 200 and 400 kbar. Analysisby x-ray dif-
fraction on these first trials indicates that the skutterudite
structure was not formed. We have also performed shock
compaction experiments on a rare earth borocarbide,
YPd,B,CO.,, with shock pressures of 200, 300, and 400 kbar.
The superconducting transition temperature remainsthe same
at 21 K, but the amount of superconducting phase decreases

with increasing shock pressure.

Goals

Our hope for these experiments was to synthesize
new f-electron materials using shock compaction because
of its high dynamic pressures (up to 1 Mbar) and fast
guench rates (< 1 ms). The family of compounds known
as filled skutterudites have the general formula LnT X,
(Ln=rareearth or actinide; T = Fe, Ru, Os; X =P, As, Sh),
and show promise for use as thermoelectric devices.
However, the skutterudite structure does not form for most
of the heavy rare earth elements (Gd-Tm). We first at-
tempted to synthesize CeFe P, (which has been made
previously by conventional techniques) by shock com-
paction. Inaddition, wetried to form GdFe,P,, which, to
our knowledge, has never been synthesized.

There has been renewed interest in exploring the in-
terplay between superconductivity and magnetism with
the discovery of the superconducting rare earth
borocarbides. In particular, YPd,B,CO, has a supercon-
ducting transition temperature (T ) of 23 K, whichis one
of the highest among intermetallic compounds. When
prepared by arc melting, this material isfound to contain
a number of different phases including a metastable su-
perconducting phase. There have been a number of con-
flicting reports as to the identity of this superconducting
phase. Our goal was to isolate the phase responsible for
superconductivity in a controlled fashion using shock
compaction.
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Results: Skutterudites

The pre-shocked skutterudite compounds were made at
UC-San Diego by reacting RFe, (R = Ce or Gd) in an arc
furnace with an argon atmosphere. These binary compounds
were mixed with the correct amounts of FeP and P for the
stoichiometry RFe,P,, and then ground to afine powder. The
shock compaction experiments were performed at LLNL
using the 7-m light-gas gun with shock pressures of 200
and 400 kbar.

The post-shocked materials at pressures of 200 and
400 kbar consisted of an amorphous phase with a consider-
ableamount of unreacted phosphorous. Our analysisof these
post-shocked compounds using x-ray diffraction at UCSD
revealed that the skutterudite structure was not formed.

Rare Earth Borocarbides

Aningot of YPd.,B,CO, was produced at UCSD by arc
melting the elemental constituentsin an arc furnace. The T
was determined to be 21 K. The material was ground to a
fine powder (< 20 um) with a mechanical ball mill. The
light-gas gun at LLNL was used for the shock compaction
experimentswith shock pressures of 200, 300, and 400 kbar.

For thetwo lowest shock pressures of 200 and 300 kbar,
the two post-shocked samples formed dense powders of a
similar appearanceto the pre-shocked material. At 400 kbar,
the borocarbide melted somewhat. X-ray diffraction mea-
surements made at UCSD on the post-shocked materials
showed evidence of phase changes, but we were unable to
determine their exact nature due to the large number of dif-
ferent phases present. Measurements of dc magnetization
using a SQUID magnetometer indicate that all of the post-
shocked compounds have Tc's of around 21 K. These ex-
periments also show that the volume fraction of supercon-
ducting phase decreases with increasing shock pressure.
Electrical resistivity measurements, made using a standard
four-wiretechnique, yield resultsthat are similar to the mag-
netization studies in that they show that all of the post-
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shocked materials have T 's of 21 K, and the amount of
superconducting phase decreases with increasing shock
pressure. In addition, the residual resistivity increases with
increasing shock pressure, suggesting an increase in the
amount of disorder intheY Pd,B,CO, sampleswith pressure.

Summary

In conclusion, we have performed shock compaction
experiments to try to synthesize two filled skutterudites,
CeFe,P,,and GdFe,P,. Our anaysisindicatesthat wewere
unsuccessful in this regard. We also shock compacted
YPd,B,CO, with pressures of 200, 300, and 400 kbar. We
found that the amount of superconducting phase decreases
with increasing shock pressure, and the compound also be-

comes more disordered.
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Thermodynamic M easurements of
High Energy Density Storage M aterials

UC Principal I nvestigator: Professor Frances Hellman, UC-San Diego
LLNL Collaborator: Hector Lorenzana
Post-Doc:  Sefan Wohlert, UC-San-Diego

The goal of thisLLNL/UCSD collaborative research
program is to develop and apply high temperature mi-
cro-calorimetric instrumentation and techniquesto the de-
termination of the energetic content of microgram quan-
tities of novel materials. LLNL has a strong program-
matic interest in the development of new materials with
energetic properties. However, current synthesis capa-
bilities at LLNL are limited to microgram quantities,
much too small for typical conventional calorimeter sys-
tems. The measurement of the energetic content of these
materialsrequiresanovel and powerful approach to quan-
tifying and characterizing thermodynamics of micro-
scopic samples. The Hellman group at UCSD has well
developed expertise and strong interest in thermodynamic
measurements of thin film and other extremely low vol-
ume samples. Thus, we have sought to synergistically
develop amicro-calorimetric system to address the com-
mon UCSD/LLNL need for a high-sensitivity high-pre-
cision calorimetric system for microgram-sized samples.

The development of novel high energy density ma-
terials (HEDM’s) would be an important advancement
for both LLNL missions as well as technological appli-
cations. Recently, the LLNL group has been studying
the properties of materials synthesized at high pressures
and high temperatures. One key property of program-
matic interest is the energetic content of these new mate-
rials. The great difficulty in performing these measure-
ments is that the LLNL group’s synthesis techniques are
limited to small samples (~micrograms) because of tech-
nical limitations of diamond anvil cell techniques. Re-
cently, using the diamond anvil cell, the LLNL research
group has synthesized a novel material derived from car-
bon monoxide at high pressure. Applying a broad range
of spectroscopic probes, the LLNL group’s measurements
indicate that the recovered material is polymeric with
strong potential asan energetic material. Ref. 1 discusses

1 9 9 8 A NNUAIL

this material and shows infrared absorption spectrum
of recovered solid polymerized CO at ambient condi-
tions. Itiscritical that the efficacy of this material be
evaluated before making the significant investment of
resources necessary to establish large-volume press
scal e-up operations.

Inthe past year, using the MRI funding, the UCSD group
has constructed a high-vacuum, small-sample differential
thermal analysis system (DTA) based on Si-micromachined
calorimeters. ThisMDTA (micro-DTA) provides orders of
magnitude more sensitivity than existing high tempera-
ture systems and allows measurements of the enthal py
and release conditions for the microgram quantities of
material. We have completed construction and prelimi-
nary testing of the new MDTA system. We now await a
new post-doc (planned to begin in April) to begin cali-
bration of the system and measurementsin the MDTA of
the materials prepared by the LLNL group.

In parallel with the calorimetry work at UCSD, the
LLNL group has received some of the UCSD-fabricated
Si-micromachined calorimeters to investigate details of
handling procedures and techniques for effectively cou-
pling their materials to these devices. These microcalo-
rimeters will be used to measure the stored heat content
of the materials made in Lorenzana's laboratory and the
temperature/time for release of this stored heat (the time
response of the microcal orimetersis sub-msec). We hope
within six months to have completed a set of measure-
ments on the materials made by the LLNL group.

References

1. Lipp, M. J,, Evans, W. J., Baonza, V. G. and
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1998.
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SEMINARS/CONFERENCES/WORKSHOPS

FY97 Seminar

June 10, 1997

Roger Dorsinville City College of New York Characterization of Third Order
Nonlinear-optical Propertiesin
Polymers

FY98 Seminars

October 21, 1997
Prof. Lewis Rothberg NSF Center for Photoinduced Charge Organic Microcavity Light-Emitting
Transfer, University of Rochester DiodesT

November 12, 1997
John Kinney Chemistry and Materials Sciences, Biomechanical Problemsin Osteoporo-
Lawrence Livermore Nat'| Laboratory sis; What Causes Fracture?8

December 3, 1997
Dennis Matthews Medica Technologies Program, Device Development within the

Lawrence Livermore Nat'| Laboratory Medical Technology Program§

January 7, 1998
Mike McElfresh Department of Physics, Irreversibility Line in High Tempera-

Purdue University ture Superconductorst

January 14, 1998
Apostolos Doukas Wellman Laboratories, Laser-Induced Pressure Waves in

Harvard Medical School Medicine: A Method for Drug Delivery T

February 11, 1998

Bill Goddard Materials and Process Simulation Center, Atomistic Smulations of Materials with
California Institute of Technology Applications to Ceramics, Semiconduc-
tors, Metal Alloys, Catalysts, Polymers,
and Proteint*

February 25, 1998

Graham Bench Health and Ecological Assessment Division/ [ Nuclear Microprobe Analysis of
Center for Accelerator Mass Spectrometry Biological Tissues

Lawrence Livermore Nat'| Laboratory

February 25, 1998
Ron Cohen Carnegie Institution of Washington Transition Metal and Other Oxides at

High Pressures. Magnetic and

Sructural Phase TransitionT™

§ = Special seminar series on Biomaterials, Chair: J. De Yoreo T = General MRI Series, Chair: H. B. Radousky * = Co-hosted with UC-Davis
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FY98 Seminars

APPENDIX A

March 4, 1998
Steve Garofalini

March 11, 1998
Jim Sethna

March 18,1998
Bernhard Rupp

April 1, 1998
Rich London

April 8, 1998
Paul Alivisatos
April 15, 1998

Karin Hollerbach

April 29, 1998
Gregory Carmen

June 3, 1998
Rod Balhorn

September 24, 1998
Mike McElfresh

Rutgers University

Cornell University

Biology and Biotechnology Research Prog.,
Lawrence Livermore Nat'| Laboratory

Laser Programs,
Lawrence Livermore Nat'| Laboratory

UC-Berkeley

Institute for Scientific Computing Research,
Lawrence Livermore Nat'| Laboratory

Mechanical Engineering and
Aerospace Engineering,
UC-LosAngeles

Biology and Biotechnology Research Prog.,
Lawrence Livermore Nat'| Laboratory

Purdue University

Molecular Dynamics Smulations of
Glass Surfaces and Interfacet™

Hysteresis, Avalanches, and
Barkhausen Noisef*

Modern Phasing Techniquesin
Advanced Macromolecular Crystallog-

raphysg

Laser-Tissue I nteraction Modeling8

Semiconductor Nanocrystalst

Finite Element Modelling of Joint
Biomechanicsg

An Overview of Research in Active
(Smart) Materials at UCLA:
Piezoelectrics, Magnetostrictive
Composites, Shape Memory Alloyst

Application of New Physical and
Chemical Imaging Techniques to the
Analysis of Individual Cellsand Cell
Populations8

Dependence of the Vortex-Solid Phase
Transition of YBa,Cu,O.-d Thin Films
on Oxygen Toichiometry: Evidence for
a Universal Phase Transitionf

§ = Special seminar series on Biomaterials, Chair: J. DeYoreo

T = General MRI Series, Chair: H. B. Radousky

* = Co-hosted with UC-Davis

1 9 9 8 A NNUAIL

R EPORT

57



SEMINARS/CONFERENCES/WORKSHOPS

FY99 Seminars

October 7, 1998
Dave Wilson

October 14, 1998
Susan M. Kauzlarich

October 20, 1998
Ron Loehman

October 21, 1998
James De Yoreo

October 23, 1998
Eric J. Amis

October 28, 1998
Tom Breunig

November 4, 1998
Umar Mohideen

November 11, 1998
Karl-Heinz Ernst

November 18, 1998
David W. Deamer

December 9, 1998
Frances Hellman

Biology and Biotechnology Research Prog.,
Lawrence Livermore Nat'| Laboratory

Department of Chemistry,
UC-Davis

Advanced Materials Laboratory,
Sandia National Laboratories, Albuquerque

Chemistry and Materials Sciences,
Lawrence Livermore Nat'| Laboratory

National Institute of Standards and
Technology, Gaithersburg, Maryland

Department of Restorative Dentistry,
UC-San Francisco

Department of Physics,
UC-LosAngeles

Swiss Federal Laboratories for Materials
Testing and Research (EMPA), Switzerland

Department of Chemistry,
UC-Santa Cruz

UC-San Diego

Soecific Recognition and Processing of
DNA by a Human Proteint

Zintl Salts for the Solution Synthesis of
Surface-Sabilized S and Ge
Nanoclusterstt

Interfacial Reactionsin Ceramicswith
Applications to Composites, Ceramic
Joining, and Electronic DevicesTT

Exploring the Growth and Dissolution of
Crystal Qurfacesat the Nanometer Scalef

Dendrimers:. Macromolecules of
Unique Dimensionstt

Structure and Properties of Cortical
Bonett

The Weirdness of the Quantum Vacuum:
An Experimental Exploration Through
the Casimir Forcett

Nanostructured Chiral Surface

Nanopore Characterization of Single
Polynucleotide Molecules: Potential for
Ultra-Rapid Sequencing

Giant Negative Magnetoresistance in
Amorphous Rare Earth-Slicon AlloystT

§ = Specia seminar series on High Pressure, Chair: W. J. Nellis

= Genera MRI Series, Chair: H. B. Radousky

* = Co-hosted with UC-Davis
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FY99 Seminars

December 16, 1998
Rick Kaner

January 15, 1999
Mildred Dresselhaus

January 27, 1999
Gang-yu Liu

February 2, 1999
John Neaton

February 3, 1999
Ching Y. Fong

February 8, 1999

Louis Terminello

February 16, 1999
Ricky Chau

March 9, 1999
Larry Fried

March 10, 1999
John Pask, Gus Hart

March 17, 1999
Philip Sterne

Department of Chemistry,
UC-LosAngeles

Massachusetts I nstitute of Technology

Department of Chemistry,
Wayne State University, Detroit, M|

Cornell University

Physics Department,
UC-Davis

Department of Applied Sciences,
Lawrence Livermore Nat'| Laboratory

Physics Department,
Lawrence Livermore Nat'| Laboratory

Chemistry and Materials Sciences,
Chemical Sciences Division,
Lawrence Livermore Nat'| Laboratory

UC-Davis

UC-Davisand
Lawrence Livermore Nat'| Laboratory

Rapid Solid-State Synthesis of
Materials T

The Remarkable Structure and
Properties of Carbon Nanotubes T

Patterning Protein Molecules on
Surfaces Using Scanning Probe
Lithography

Is Lithiuma Paired Insulator at High
Densities? §8

A Quantum Monte Carlo Sudy of the
Exchange-Correlation Hole in Slicon
Atom and System-Averaged Correla-
tion Holes of Second Row Atoms 1

Materials Characterization Using Soft
X-Ray Synchrotron Radiation

Electrical Conductivities of Water at
20-180 GPa in Comparison with those
of Hydrogen and CH, 88

Supercritical Molecular Fluids Under
High Pressure 88

John Pask — A Real-Space, Finite-
Element Approach to Large-Scale
Electronic-Sructure Calculations

Gus Hart — Electronic Sructure of PtS
and IrS 1

Materials Research with Positron
Annihilation T

88 = Special seminar series on High Pressure, Chair: W. J. Nellis

t = General MRI Series, Chair: H. B. Radousky

11 = Generad MRI Series, Chair: R. Agbaria
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FY99 Seminars

Chong-shik Yoo

Carel Boekema

April 1, 1999
Lukas Eng

April 14, 1999
Sergei Stishov

May 10, 1999
Peter Celliers

May 11, 1999
Art Ruoff

May 18, 1999
Gene Haller

June 2, 1999
Alex Hodges

June 15, 1999
Bill Nellis

June 17, 1999

March 30, 1999

March 31, 1999

Physics Department,
Lawrence Livermore Nat'| Laboratory

San Jose State Univ.

Institute of Applied Photophysics, TU

Dresden, D-01069 Dresden, Germany

LosAlamos Nat'| Laboratory,
Institute of HP Physics, Moscow, Russia

Medical Technology Program,
Lawrence Livermore Nat'| Laboratory

Cornell University

UC-Berkeley

Physics Department,
University of Cincinnati

Physics Department,
Lawrence Livermore Nat'| Laboratory

Shane Aaron Catledge Dept. of Materials and Mechanical Eng.,
Univ. of Alabama at Birmingham
July 1, 1999
Kevin Raberts Centre for Molecular and Interface Eng.,

Dept. of Mechanical and Chemical Eng.,
Heriot-Watt University, Edinburgh

High-Pressure Chemistry of Carbon Dioxide 88

Plausible d-Wave Symmetry in Cuprate Super-
conductors: A Maximum-Entropy Muon-Spin-
Resonance Sudy of R123 Vortex Sates 11

Inspection and Manipulation of Ferroelectrics on
the Nanometer Scalett

Isotopic Effectsin Solids at High Pressures §8

Shock Transformation of Liquid Deuteriuminto a
Metallic Fluid §8§

Mbar Pressures: From Metallic Oxygen to
Molecular Li 88§

Semiconductors at Large Hydrostatic Pressures
88

Exciton Spin Relaxation in ZnSe-Based Dilute
Magnetic Semiconductor Heterostructures 1+

Metallization of Fluid Hydrogen at 1.4 Mbar §§

Advanced Techniquesin Chemical Vapor
Deposition (CVD) Processing of Diamond
Films-Applicationsin High Pressure Science 11

Probing the Structure of Habit Modifying
Additives in Molecular lonic Crystals using
Synchrotron Radiation Techniques

88 = Specia seminar series on High Pressure, Chair: W. J. Nellis

t = General MRI Series, Chair: H. B. Radousky

11 = General MRI Series, Chair: R. Agbaria
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Lawrence Livermore Nat’l L aboratory
Materials Research | nstitute

FY 98 Conferences/Workshops # Attendees Coordinator
Nov 11-13, 1997
POSITRON CONFERENCE 30 Rich Howell,
Lawrence Livermore Nat’l L aboratory Physics, LLNL
Materials Research | nstitute
Publication:
Applications and Advances of Positron
Beam Spectroscopy: Appendix A, Nov 5-7, 1997,
UCRL-130205.
June 8-10, 1998
TRI-LAB COURSE: DISLOCATIONS 50 Wayne King,
INMATERIALS Chemistry and Materials Science,
Hilton Hotel — Pleasanton, CA LLNL
June 11-12, 1998
NIST/LLNL WORKSHOP ON WORK HARDENING 30 Wayne King,
AND DISLOCATION PATTERNING IN METALS Chemistry and Materials Science
Hilton Hotel — Pleasanton, CA Robb Thomson, Lyle Levine,
National Institute of Sandards and
Technology
June 28 -july 3, 1998
INTERNATIONAL WORKSHOP ON ELECTRONS 42 Tony Gonis,
CORRELATIONSAND MATERIALSPROPERTIES Chemistry and Materials Science
Crete, Greece Nick Kiousiss,
Publication: Cal. Sate Northridge
Electron Correlations and Materials Properties
(Klewer Academic/Plenum Publishers, New York, 1999).
FY 99 Conferences/Workshops # Attendees Coordinator
April 1-2, 1999
GRAIN BOUNDARY ENGINEERING 12 Wayne King,
WORKSHOP Chemistry and Materials Science
Sheraton Hotel — Pleasanton, CA LLNL
Sept 13-14, 1999
CLC NOVEL MATERIALSWORKSHOP 75 Harry Radousky

Materials Research I nstitute, LLNL
Shirley Chiang, UC-Davis
Susan Kauzlarich, UC-Davis
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FACULTY AND STUDENTS

VISITING PROFESSORS IN RESIDENCE AT THE MRI

PROFESSORS LLNL CONTACT(S) TOPICS

Prof. Carel Boekema Harry Radousky, Materials Research Ingtitute Rare Earth

(On Sabbatical) Magnetism

San Jose K. Univ.

Prof. Tom Breunig, John Kinney, Chemistry and Materials Science Cortical Bone

UC-San Francisco

Prof. Nicolas Kiousiss, Tony Gonis, Chemistry and Materials Science Rare Earth

Cal. Sate Northridge Harry Radousky, Materials Research Institute Magnetism/Optical
Andy McMahan, Physics Materials
Stavros Demos, Institute for Laser Science Applications

Prof. Richard Scalettar Andy McMahan, Physics Magnetism

(On Sabbatical) Malvin Kalos, Defense and Nuclear Technologies

UC-Davis

Prof. Harry Tom, Ming Yan, Chemistry and Materials Science Optical Materiale/

UC-Riverside C. S. Yoo, Physics High Pressure
Harry Radousky, Materials Research Institute
J. De Yoreo, Chemistry and Materials Science
Stavros Demos, Institute for Laser Science Applications

GRADUATE STUDENTS IN RESIDENCE AT THE MRI

Dissertation Title Next Position

LLNL Contacts Thesis Advisor

Matt Enjalran, MalvinKaos, | Richard Scalettar, | Monte Carlo Sudies of Frustrated Layered PhD expected
Physics Dept., Defense Nuclear UC-Davis Magnets and Disordered Srongly Correlated | Summer 2000
UC-Davis Technologies Fermi Systems
Gus Hart, John Klepeis, Barry Klein, Electronic Sructure Studies of Materials Post-Doc at Natl.
Physics Dept., Physics UC-Davis Properties and Sability in Transition Metal- | Renewable Energy
UC-Davis Metalloid Compounds Lab., Golden, CO
John Pask, Phil Serne, Barry Klein, Finite-Element Method for Large-Scale Post-Doc at Naval
Physics Dept., Physics UC-Davis Electronic Structure Calculations Research Lab.,
UC-Davis Washington DC
Mike Paskowitz, Bill Nellis, Subash Risbud, NanoCrystalline S Produced by Shock PhD expected
Materials Science, Physics UC-Davis Compression August, 2000
UC-Davis
Boyd Taylor, Howard Lee, Susan Kauzlarich, | Spectroscopy of Nanocrystals Post-Doc at
Chemistry, Defense Nuclear UC-Davis Lawrence Livermore
UC-Davis Technologies Nat'| Laboratory
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Faculty/Students/Post Docs
35
30
25
20
15
10
5
0
Total Visiting Post Total Grad Students  Undergrad
Professors Professors Docs Grad Students  in Residence Students
(25) %) (5) (22) (5) )
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FYyo9

9 UCRP

A WARDS

FY 98 University Collabor ative Resear ch Project (UCRP) Awards

Campus

LLNL
Collaborators

Project
Title

Investigators

UC-Berkeley Roger Falcone, Troy Barbee, Optically-Induced Structural Changesin Materials
Department of Physics Physics
UC-Davis Philip Sterne, Richard Howell, New Theoretical Framework for Computing Positron
Department of Physics Physics Annihilation Characteristics
UC-Davis G. Taynas Pamore, James De Yoreo, Device Miniaturization Through Self-Assembly: An In-
Department of Chemistry Chemistry and Situ AFM Study of Molecular Scaffolds
Materials Sciences
UC-Davis Susan Kauzlarich, Howard Lee, The Study of Photoluminescence and Device Applica-
Department of Chemistry Physics tions of Si Quantum Dots

UC-LosAngeles

Nasr Ghoniem,
Mech. & Aero Eng.

Tomas Diaz De La Rubia,
Chemistry and

Dislocation Dynamics Simulation of Radiation
Hardening

Restorative Dentistry

Materials Sciences

Department Materials Sciences
UC-Riverside Harry Tom, Choong-shik Yoo, Study of the Role of Coherent Phonons and Shock
Department of Physics Physics Waves on Energy Transfer Processes During Femto
Second Laser-1nduced Melting of Solids
UC-Riverside Umar Mohideen, Ming Yan, Nanoscale Study of Strain and Strain Dynamicsin
Department of Physics Chemistry and Laser Materials and Nonlinear Optical Materials
Materials Sciences
UC-San Diego M. Brian Maple, William Néllis, Synthesis and Properties Modification of Novel f-
Inst. for Pure and Physics electron Materials by Shock Compaction
Applied Physical Sciences
UC-San Diego Frances Hellman, Hector Lorenzana, Thermodynamic Measurements of High Energy
Department of Physics Physics Density Storage Materials
UC-San Francisco Thomas Breunig, John Kinney, Micromechanical Modeling of Cortical Bone
Department of Chemistry and Deformation
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FY 99 University Collabor ative Resear ch Project (UCRP) Awards

Campus

Investigators

LLNL
Collaborators

Project
Title

UC-Berkeley Ray Jeanloz, Jeff Nguyen, High Pressure Synthesis and Characterization of
Department of Physics Carbon Nitrides
Geology and Geophysics
UC-Davis G. Taynas Pamore, James De Yoreo, Device Miniaturization Through Self-Assembly:
Department of Chemistry Chemistry and An In-Situ AFM Study of Molecular Scaffolds
Materials Sciences
UC-Davis Susan Kauzlarich, Howard Lee, The Study of Photoluminescence in Monodispersed
Department of Chemistry Physics Alkly-Terminated Si Nanoclusters
UC-Davis Philip Sterne, Richard Howell, New Theoretical Framework for Computing
Department of Physics Physics Positron Annihilation
UC-LosAngeles Nasr Ghoniem, Tomas Diaz DeLaRubia,| Disocation Dynamics Simulations of Deformation
Mech. and Aero Eng. Chemistry and Hardening in FCC Metals

Engineerimg Science

Materials Sciences

Department Materials Sciences
UC-LosAngeles Richard Kaner Hector Lorenzana, Rapid Synthesis of Materials at High Pressures
Department of Chemistry Physics
UC-LosAngeles Greg Carman, Troy Barbee, 111, Measuring the Thermal-Mechanical Properties of
Mech. and Aero Eng. Physics Multi-Layered Thin Films
Department
UC-Riverside Harry Tom, Choong-shik Yoo, Study of Femtosecond Laser-Heating, Damage and
Department of Physics Physics Melting of Semiconductors Under High Pressure
UC-Riverside Umar Mohideen, Ming Yan, Nanoscale Study of Strain and Strain Dynamicsin
Department of Physics Chemistry and Laser Material and Nonlinear Optical Materials
Materials Sciences
UC-San Diego lan Schuller, Jim Tobin, Magnetic Circular Dichrosim in Half Metallic
Department of Physics Chemistry and Magnets
Materials Sciences
UC-San Diego Bimal Kad, Adam Schwartz, Experimental Correlations of Deformation Strain
Applied Mechanics and Chemistry and Gradients and Grain Boundary Character Distribu-

tion (GBCD)

1 9 9 8

A NNUAIL

R EPORT

71



FY 98 and FY 99 UCRP Awards

12

[] Froes

[] Froo

10

0~
ucCB
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PUBLICATIONS

JOURNAL ARTICLES

Chang, Y.-M., Xu, L. and Tom, H. W. K., “Observation of Coherent Local Optical Phonons Localized at Buried Inter-
faces Using Time-Resolved SHG", to be published in Phys. Rev. B, May 15, 1999.

Chang, Y.-M., Xu, L. and Tom, H. W. K., “Observation of Local-Interfacial Optical Phonons at Buried Interfaces Using
Time-Resolved Second-Harmonic Generation”, Phys. Sci. Rev. (Condense Matter), 59, (19), APS through AlP, pp.12220-
3, 18 references, May 15,1999.

Chin, D. N., Pamore, G. T. R. and Whitesides, G. M., “Predicting the Crystalline Packing Arrangements of
Molecules that Form Hydrogen-Bonded Tapes’, J. Am. Chem. Soc., 121, 2113, 1999.

Cynn, H. and Yoo, C., “Equation of State of Tantalum to 174 GPa’, Phys. Rev. B, 59, 1999.

Cynn, H., Yoo, C. and Sheffield, S., “ Phase Transition and Decomposition of 90% Hydrogen Peroxide at High Pres-
sures’, J. Chem. Phys,, 110, 1999.

Demos, S. G., Wang, W. B. and Alfano, R. R., “Imaging Objects Hidden in Scattering Media with Fluorescence Polariza-
tion Preservation of Contrast Agents, Applied Optics’, V37, N4:792-797, February 1, 1998.

Ghoniem, N. M., Singh, B. N., Sun, L. and De LaRubia, T., “Interaction and Accumulation of Glissile Defect Clusters
Near Didlocations’, to be published, J. Nucl. Matter, 1999.

Ghoniem, N. M., “Curved Parametric Segments for the Stress Field of 3-D Dislocation Loops’, Transactions of the
ASME J. of Eng. Mat. and Tech., 121, (2), (Multi-Scale Modeling of Deformation and Fracture, Washington D.C., USA,
27-30 Sept. 1998). ASME, p.136-42. 16 references, April 1999.

Ghoniem, N. M and Sun, L. Z., “Fast-Sum Method for the Elastic Field of Three-Dimensional Dislocation Ensembles’,
Phys. Rev. B (Condensed Matter), 60, (1), APS through AIP, p. 128-40, 49 references, July 1999.

Hamza, A. V., Schenkel, T., Barnes, A. V. and Schneider, D. H., Journal of Vacuum Science and Technology, A 17,
303, 1999.

Hamza, A. V., Schenkel, T. and Barnes, A. V., “ Dependence of Cluster lon Emission from Uranium Oxide Surfaces on
the Charge State of the Incident Slow Highly Charged lon”. European Phys. J. D, 6, (1), EDP Sciences; Springer-Verlag,
p.83-7. 26 references, April 1999.

Isagk, D., Carnes, J., Anderson, O. and Cynn, H., “Elasticity of TiO, Rutile to 1800K”, Phys. Chem. Minerals, 26, 1998.
Kalantar, D. H., Chandler, E. A., Colvin, J. D., Lee, R., Remington, B. A., Weber, S. V., Wiley, L. G., Failor, B. H.,
Hauer, A., Wark, J. S., Loveridge, A., Meyers, M. A., and Ravichandran, G., “Transient X-ray Diffraction Used to
Diagnose Shock Compressed Si Crystals on the Nova Laser”, Rev. ci. Instrum. 70, 629, Jan. 1999.

Kalantar, D. H., Remington, B. A., Chandler, E. A., Colvin, J. D., Gold, D., Mikaglian, K., Weber, S.V., Wiley, L.G.,
Wark, J. S., Hauer, A. A. and Meyers, M. A., “High Pressure Solid State Experiments on the Nova Laser”, LLNL ICF
Quarterly Report, UCRL-LR-105821-98-3, p.101, Aug. 1998.

Kioussis, N., Turchi, P, Gonis, A., Price, D. and Cooper, B. R., “Electronic Structure Properties of the a and & Phases
of Pu”, to be submitted to Phys. Rev. B, Summer 2000.
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Lee, H.W. H., Thielen, P. A., Delgado, G. R., Kauzlarich, S. M., Taylor, B. R., Mayeri, D. and Yang, C-S., “Femtosecond
Pump-Probe Spectroscopy of Silicon and Germanium Nanocrystals, in Nonlinear Optics’'98”. Materials, Fundamentals
and Applications (New York, NY), p. 200, 1998.

Leppert, V. J., Zhang, C. J,, Lee, H. W. H., Kennedy, |. M., and Risbud, S. H., “Observation of Quantum Confined
Excited States of GaN Nanocrystals’, Appl. Phys. Lett., 72, 3035, 1998.

Lipp, M. J,, Evans, W. J., Baonza, V. G., and Lorenzana, H. E., “Thermodynamic Measurements of High Energy
Density Storage Materials’, J. of Low Temp. Phys. 11, 247-256, 1998.

Palacin, S., Chin, D. N., Simanek, E. E., MacDonald, J. C., Whitesides, G. M., McBride, M. T. and Pamore, G. T. R.,
“Hydrogen-Bonded Tapes Based on Symmetrically Substituted Diketopiperazines. A Robust Structural Motif for the
Engineering of Molecular Solids’, J. Am. Chem. Soc., 119, 11807, 1997.

Pamore, G. T. R, Luo, T. J., Martin, T. L., McBride-Wieser, M. T., Voong, N. T., Land, T. A. and DeYoreo, J. J,, “Using
the AFM to Study the Assembly of Molecular Solids Transactions’, Am. Cryst. Assoc., 33, 45, 1998.

Palmore, G. T. R. and MacDonald, J. C., “The Role of Amides in Functional Supramolecular Aggregates and Structures
in The Amide Linkage: Selected Structural Aspectsin Chemistry, Biochemistry and Materials Science”, Eds. Greenberg,
A., Breneman, C. and Liebman, J., Wiley, New York, in press, 1999.

Palmore, G. T. R. and McBride, M. T., “Engineering Layersin Molecular Solids With the Cyclic Dipeptide of S-Aspartic
Acid”, Chem. Comm., 145, 1998.

Pask, J. E., Klein, B. M., Fong, C. Y. and Sterne, P, “Calculation of Positron Observables Using a Finite-Element-Based
Approach”, Appl. Surface Sci., 149, 238, UCRL-JC-131338, 1999.

Pask, J. E., Klein, B. M., Fong, C. Y. and Sterne, P. A., “Real-space Local Polynomial Basis for Solid-state Electronic
Structure Calculations: A Finite-element Approach”, Phys. Rev. B, 59, 12352, UCRL-JC-132360, 1999.

Ruhlicke, C., Schneider, D., Schneider, M., Dubois, R. D. and Bahorn, R., Nanotechnology, 9, 251, 1998.
Schenkel, T., Barnes, A. V., Hamza, A. V. and Schneider, D. H., European Physical J., D, 1, 297, 1998.

Schenkel, T., Barnes, A. V., Hamza, A. V., Banks, J. C., Doyle, B. L. and Schneider, D. H., Phys. Rev. Lett., 80, 4325,
1998.

Schenkel, T., Barnes, A. V., Hamza, A. V., Banks, J. C., Doyle, B. L. and Schneider, D. H., Phys. Rev. Lett., 81, 2590,
1998.

Schenkel, T., Schneider, M., Hattass, M., Newman, M. W., Barnes, A. V., Hamza, A. V. and Schneider, D. H., J. of
Vacuum Sci. Technology B, 16, 3298, 1998.

Schenkel, T., Hamza, A. V., Barnes, A. V., Schneider, D. H., Walsh, D. S. and Doyle, B. L., , J. of Vacuum ci. Technol-
ogy A,16, 1384, 1998.

Singh A., Mao H., Shu J. and Hemley R., “Estimation of Single-Crystal Elastic Moduli from Polycrystalline X-ray
Diffraction at High Pressure Application to FeO and Iron”, Phys. Rev. Lett., 80, 1998.

Smith, C. A., Lee, H. W. H., Risbud, S. H. and Cooke, J. D., “Ultraviolet-Blue Emission and Electron-Hole Statesin
ZnSe Quantum Dots’, Appl. Phys. Lett., 75, 1688, 1999.
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PUBLICATIONS

Taylor, B. R., Kauzlarich, S. M., Delgado, G. R. and Lee, H. W. H., “Synthesis and Characterization of Quantum
Confined Ge Nanocrystals’, Chem. Mat., 11, 2493, 1999.

Taylor, B. R., Kauzlarich, S. M., Lee, H. W. H. and Delgado, G. R., “Solution Synthesis and Optical Investigation of
Germanium Nanocrystals’, Chem. of Mat., 10, 22, 1998.

Turchi, P. E., Gonis, A., Kioussis, N., Price, D. L. and Cooper, B. R., “Electronic Structure of Pu and itsAlloys, in
Plutonium Futures’, The Science, p. 313, 1997.

Turchi, P. E., Gonis, A., Kioussis, N., Price, D. L. and Cooper, B. R., “Correlation Effects on Stability in Pu Metal and its
Alloys, to Appear in Correlation Effects and Materials Properties’, Ed. A. Gonis, N. Kioussis, and M. Ciftan (Plenum,
New York, 1999).

Wang, W. B., Demos, S. G., Ali, J. and Zhang, G., “Visibility Enhancement of Fluorescent Objects Hidden in Animal
Tissues Using Spectral Fluorescence Difference Method, Optics Communications’, V147, N1-3:11-15, February 1,
1998.

Yan, M, Wang, L., Siekhaus, W., Kozlowski, M., Yang T. J. and Mohideen, U., SPIE vol. 3244, p. 268, Proceedings of
Laser Induced Damage in Materials, 1997.

Yang, Y., Leppert, V. J., Risbud, S. H., Twamley, B. and others, “Blue Luminesence from Amorphous GaN Nanoparticles
Synthesized In Situin aPolymer”, Appl. Phys. Lett., V74 N16:2262-2264, April 19, 1999.

Yang, Y., Leppert, V. J,, Risbud, S. H., Twamley, B., Power, P. P and Lee, H. W. H., “Blue Luminescence from GaN
Nanoparticles Synthesized In Situ in aBlock Copolymer”, Appl. Phys. Lett., 74, 2262, 1999.

Yang, C. S, Bley, R. A., Mayeri, D., Kauzlarich, S. M., Lee, H. W. H. and Delgado, G. R., “ Synthesis of Alkyl-Termi-
nated Silicon Nanoclusters by a Solution Route”, J. Am. Chem. Soc., 121, 5191, 1999.
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PROCEEDINGS/PRESENTATIONS

Fall 1997

Mayeri, D., Yang, C.-S., Kauzlarich, S. M., Delgado, G. D and Lee, H. W. H.; Synthesis and Characterization of
Luminescent Silicon Nanoclusters Terminated With Organic Ligands, presented at the ACS National Meeting,
Las Vegas.

Mayeri, D., Kauzlarich, S. M., Delgado, G. D. and Lee, H. W. H., Synthesis and Characterization of Luminescent
Slicon Nanoclusters Terminated With Organic Ligands, presented at the CLC Meeting, Los Alamos.

Mayeri, D., Yang, C.-S., Kauzlarich, S. M., Delgado, G. D. and Lee, H. W. H., Sze Control and Blue Luminescence of
Slicon Nanoclusters Terminated With Organic Ligands, presented at the MRS National Meeting, Boston.

November 1997

Palmore, G. T. R., McBride, M. T., Picciotto, E. A. and Reynoso-Paz, C. M., Physical-Organic Sudies of Molecular
Solids: Hydrogen-Bonded Tapes and Layers from Diketopi perazines, Fifth Chemical Congress of North America,
Cancun, Quintana Roo, Mexico.

DeYoreo, J. J, Land, T. A., Orme, C., McBride, M.T. and Pamore, G.T.R.; Studying the Surface Morphology and
Growth Dynamics of Solution-Based Crystals Using Atomic Force Microscopy, Institute for Molecular and Atomic
Physics, Amsterdam, The Netherlands.

Howell, R. H., Jean, J., Lin, K. G., Poat, J., Pickett, W., Tong, S. Y. and West, R., Applications and Advances of
Positron Beam Spectroscopy: Appendix A, Nov 5-7, 1997, UCRL-130205.

December 1997

Lee, H. W. H., Delgado, G. D., Kauzlarich, S. M., Bley, R. A., Taylor, B. R., Mayeri, D. and Yang, C.-S., Quantum
Confinement and Trapping in Group IV S and Ge Nanocrystals, presented at the Materials Research Society Fall
Meeting, Boston, MA, invited.

March 1998

Lee, H. W. H., Delgado, G. D., Kauzlarich, and Taylor, B. R., Power Dependent Optical Spectroscopy of S and Ge
Nanocrystals— mplications for the Origin of Light Emission, presented at the American Physical Society March
Meeting, LosAngeles, CA.

Palmore, G. T. R., Engineering the Sructure of Molecular Solids, Department of Chemistry, University of Nebraska,
Lincoln.

Pask, J. E., Klein, B. M. and Fong, C. Y., Real-Space Approach to Ab Initio Solid Sate Electronic Sructure Calcula-
tion Based on the Finite Element Method, talk at the American Physical Society March Meeting, Los Angeles, CA.

May 1998

Kaantar, D. H., Remington, B. A., Chandler, E. A., Colvin, J. D., Weber, S. V. and Wiley, L. G., X-Ray Driven Solid-
Sate Hydrodynamic | nstability Experiments on the Nova Laser, presented at the 25th ECLIM, Formia, Italy.

Kaantar, D. H., Chandler, E. A., Colvin, J. D., Lee, R., Remington, B. A., Weber, S. V., Wiley, L. G., Failor, B. H.,

Hauer, A., Wark, J. S., Meyers, M. A. and Ravichandran, G., Transient X-Ray Diffraction of Shock-Compressed
Crystals Using the Nova Laser, presented at the MAR 98 Meeting of the APS.
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PUBLICATIONS

Kaantar, D. H., Chandler, E. A., Colvin, J. D., Weber, S. V., Wiley, L. G., Remington, B. A., Wark, S,, Failor, B. H.,
Hauer, A., Meyers, M. A. and Ravichandran, G., Transient X-Ray Diffraction Used to Diagnose Shock-Compressed S
Crystals on the Nova Laser, presented at the 25th ECLIM, Formia, Italy.

Pask, J. E., Klein, B. M. and Fong, C. Y., Real-Space Approach to Ab Initio Solid-Sate Electronic Structure Calcula-
tion Based on the Finite Element Method, poster at the Electronic Structure 1998 Conference, Philadelphia, PA.

June 1998

Gonis, A., Kioussis, N. and Ciftan, M., Electron Correlations and Materials Properties (Klewer Academic/Plenum
Publishers, New York, 1999). International Workshop on Electrons Correlations and Materials Properties, Crete.

July 1998

Palmore, G. T. R., McBride, M. T., Olmstead, M. M., Land T. A. and De Yoreo, J. J., In-situ Atomic Force Microscopy
Sudies of the Growth of Crystals of 2,5-Diketopiperazine, American Crystallographic Association Mesting, Washing-
ton DC,

Kauzlarich, S. M., Zintl Salts for the Solution Synthesis of Surface-Stabilized S and Ge Nanoclusters, presented at the
American Chemical Society Meeting, Boston, MA, plenary speaker.

August 1998

Yang, C-S., Kauzlarich, S. M., Lee, H. W. H. and Delgado, G. R., Synthesis and Characterization of Small Slicon
Nanoclusters Terminated with Alkyls, presented at the American Chemical Society Meeting, Boston, MA.

September 1998

Sterne, P. A., Pask, J. E., and Klein, B. M., Calculation of Positron Observables Using a Finite-Element-Based
Approach, presented at the Eighth International Workshop on Slow Positron Beam Techniques.

November 1998
Breunig, T. M., Micromechanical Modeling of Cortical Bone Deformation, presented to the faculty and residents of the
Orthopedic Surgery Department at UC-San Francisco.

Cynn, H. and Yoo, H., Synchrotron, Neutron, and Laboratory Source Crystallography at High Pressure: Experiments,
Theory and Related Techniques, IUCr-HP98, Argonne Nat'| Laboratory, USA.
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